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INTRODUCTION 


THis monograph on the blood supply to the heart in its 
anatomical and clinical aspects is the outcome of investiga- 
tions which Dr. Gross commenced several years ago in the 
laboratories of the Royal Victoria Hospital and of McGill 
University. They formed originally part of a general study 
dealing with structural evolution of organs in the various age 
periods in its relation to normal function and disease.’ 

It soon became apparent to me that in these researches 
Dr. Gross had, with rare industry and ingenuity, gone far 
beyond the original questions and that the results of his work 
touch upon a larger number of problems which are not only 
of anatomical, but also of great clinical interest and tmpor- 
tance. The extent of the work and the accumulated material 
and illustrations had also gone far beyond the origina! scope of 
a paper and it was therefore considered advisable to publish 
it in monograph form. This allowed a further extension and 
inclusion of a thorough critical review, and incorporation 
of previous literature—by itself a useful undertaking. The 
work, therefore, places before us: 

First: A complete description of the arterial and venous 
blood supply to the normal heart with a statistical study of its 
variations. 

Second: The blood supply to the neuromuscular system of 
His and its pathological and clinical significance. 


1See Oertel, Post-Natal Development and Pathological Organ Reconstruction in 
Relation to Function and Disease, Am. J. M. Sc., May, 1921, p. 694. 
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Third: A new standpoint in the discussion of the anatomical 
factors concerning the etiology and development of valvular 
endocarditis. 

Fourth: A newer view on the physiological course and 
character of the cardiac circulation in the various age periods 
and their relation to physiological and pathological functions. 

The monograph contains, so far as I know, a complete 
presentation of the subject to date and possesses for anatomist, 
physiologist, pathologist and clinician alike an unusual com- 
bination of interest and usefulness. 

Mr. Hoeber’s rare good will to publish the work Is an 
illustration of his unselfish, scientific spirit. 


Horst OERTEL. 


McGill University and The Royal Victoria 
Hospital, Laboratories of Pathology. 
Montreal, July, 1921. 
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THE author was primarily interested in the study of the 
circulation of the heart in its relation to age periods and 
in its pathological variations. For a full appreciation of the 
changes in the cardiac circulatory architecture under these 
conditions, it was found advisable to make a thorough study 
of the normal. 

A review of the literature proved inadequate to allow an 
intelligent grasp of the subject and only served to perplex by 
its chaotic state. With much difficulty it was attempted to 
coordinate the various views, and there remained many points 
of dispute and a large number of problems. The author con- 
sequently made a personal study of the circulatory struc- 
ture in the normal heart m order to investigate as many 
of the moot points as possible and also to acquire a standard 
for comparison with the results of future investigations into 
pathological conditions. 

In the course of this research a technique was developed, 
which, it 1s believed, is eminently suited for investigations of 
this nature. Many of the disputed points have been, it ts 
hoped, settled and a number of new and interesting fields for 
speculation, opened. Chief among the latter 1s the question 
of the effect of age on the course, character and physiology 
of the cardiac circulation. It was found that a very charac- 
teristic series of changes takes place as age progresses. This 


appears, by itself, an interesting contribution to the clinical 
Ix 
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appreciation of the physiology and pathology of senile heart 
and death. 

The blood supply to the neuromuscular system was worked 
out with care. It was found that the anatomy of the neuro- 
muscular circulatory structure could be intelligently correlated 
with functional derangements such as presented by classical 
cases found in the literature. 

Moreover, much of the reported experimental work 
acquired a new meaning. With the results of a series of expert- 
ments which the author himself undertook, the anatomical 
factors which enter into the production of valvular endocarditis 
have been put in a position which appears to throw new light 
upon the clinical and anatomical experiences of previous 
investigators. 

In view of the accumulation of these facts and the work 
that was required to make a thorough search into the litera- 
ture, Professor Horst Oertel suggested to present the whole 
matter in monograph form. It has consequently been decided 
to present in these pages a summary of the state of our know- 
ledge on this subject. 

For convenience in handling the matter, it has been 
divided into eight chapters. It is true that the divisions 
overlap somewhat, but in this way the historical review of 
the various problems 1s much more comprehensively handled. 

The general plan ts to give a concise historical survey of the 
matter dealt with in a chapter, indicating briefly the technique 
employed by the various investigators; then to outline the 
present state of knowledge and finally to add the author’s 
contribution. 

Appended ts a bibliography arranged in alphabetical 
form. As far as possible, this was made complete. Unavoidably, 
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some contributions must have been left out, but it is hoped 
that the bibliography forms in itself a complete chain of evi- 
dence, reflecting the phases of thought through which the 
subject has passed. 

The cross index should render the book of more ready 
reference and increase its usefulness. 

The author wishes to take this opportunity to thank 
Prof. Horst Oertel for his generous and sympathetic advice 
throughout the work. To Dr. J. D. Morgan, roentgenologist of 
the Royal Victoria Hospital, and to Mr. Black of the United 
Photographic Store, Montreal, he is much indebted for the beau- 
tiful roentgenograms, plates and photographs which have made 
the work possible. To Mr. H. E. Webster, Superintendent of the 
Royal Victoria Hospital, who has kindly supplied apparatus 
and laboratory facilities, to Drs. Semple, Pitts, Waugh and 
Branch for autopsy material, and to his wife for invaluable 
aid in preparing the bibliography, the author also wishes to 
express his appreciation. Not the least of these, he owes thanks 
to Mr. Paul B. Hoeber for the kindly interest he has taken in 
publishing this work. 

iby Aey 


McGill University and The Royal Victoria 
Hospital, Laboratories of Pathology. 
Montreal, July, 1921. 
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CHAPTER [| 
‘TECHNIQUE 


A. OLDER METHODS 


HE earliest observations which are recorded on the 
blood supply to the heart, date from the middle of 
the sixteenth century. These were made purely on the 

basis of dissections. A number of these from Vesalius, 
Falloprus, Riolanus and others are found to be just as true 
to-day as at the time they were made. 

Haller, whose detailed account of the coronary artery 
circulation was published in 1747, has given us a most remark- 
able illustration of what excellent results can be obtained by 
careful dissection. 

Obviously, this method had its limitations; consequently, 
later investigators employed injections of the blood-vessels 
with metals, followed by corrosion of the tissues. Thus, Hyrtl 
m 1855 contributed a great deal to our knowledge of the more 
minute circulation in the heart as well as in other organs. His 
method consisted in injecting a metallic alloy of low melting 
point into the blood-vessels and subsequently placing the 
organ In a strong acid. After corrosion of the tissue, the metal 
cast was carefully washed free from debris. This method has 
been repeatedly employed by many investigators since Hyrtl 
and has been brought to a state of perfection by Nussbaum, 
whose contribution to our knowledge of coronary artery cir- 


culation in 1911, showed how such a bulky and awkward 
I 


2 HE BLOOD SU PRET Os ih Pari Ares 


mass as metal may nevertheless be used with very successful 
results. 

Metal injections, however, were far from the tdeal, since 
they could not be forced into the more minute channels. 
Moreover, the heaviness of the metal as well as the necessary 
later corrosion introduced sources of difficulties and error, 
particularly for the comparative study of finer and very tor- 
tuous vessels, such as are found in chronic productive 
inflammations of parenchymatous organs, e.g., contracted 
kidney. Furthermore, the organs must, often, subsequently 
be sectioned in order to obtain anything like a comprehensive 
conception of the arrangement of the arterial tree. The diffi- 
culty of doing this without disturbing the metal cast, 1s appar- 
ent when we consider the delicate changes found in pathological 
conditions. 

The use of a wax medium such as employed by Lexer in 
1903 and Hildebrand in 1907, instead of metal, is open to the 
same objections. 

The introduction of roentgenography stimulated numerous 
investigators to apply this method to the study of vascular 
architecture. Hildebrand credits Dutto with bemg the first 
to employ this method in 1896. 

The technique consisted in forcing pastes (Opitz, 1897), 
solutions of the salts of heavy metal suspensions or, In some 
cases, metallic mercury (Glew, 1899) into the blood-vessels 
with subsequent roentgenography. This was applied to the 
study of the coronary arteries by Freyett in 1905 and was 
considerably perfected by Jamin and Merkel in 1907. 

Numerous investigators have employed this method, many 
of them modifying the medium, using different salts, colloidal 
silver (Skinner, 1912), pigments (Miller, 1918), etc., and bases 
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which consisted of oils (Stegmann, 1905-6), paraffin (Hauch, 
1903), starch (Hewson, 1915), water (Smith, 1918), gelatines, 
ete. 

The results of these methods were extremely unsatis- 
factory, since the pictures obtained lacked the plasticity and 
appreciation of the three dimensions so necessary to the full 
understanding of circulatory architecture. This fault was to a 
great extent eliminated by the introduction of the stereoscopic 
method of roentgenography. Although many important con- 
tributions were made in this way, they were all exposed to criti- 
cism by admitting too much possibility of artefact in the 
technique. The results depended greatly on individual skill and 
experience, and, as no accurate method existed of estimating the 
mechanical force required in the injection, 1.e., pressure exerted 
on syringe, temperature, viscosity of the medium, etc., com- 
parative studies were unreliable and practically useless. 

The old method of injection with pigmented gelatine and of 
subsequent serial sections with reconstruction was of great 
value. Its application, however, was Irmited to the study of 
the microscopic circulation. Where It was attempted to apply 
it to the reconstruction of the coarser circulation, individual 
interpretation was the cause of great diversity of opinion and 
error. A modification of this method, however, allowed Its 
application to the study of the larger blood-vessels. The 
injected organs were dehydrated and tmmersed in an oil which 
is able to penetrate the tissue thoroughly and give it a uniform 
refractive index similar to the fluid mm which it ts placed. 
In this way the organ was rendered transparent, so that 
the injected vessels stood out prominently from the cleared 
parenchyma. The plasticity, so obtained, eliminated many 


sources of error. The objections to this method, however, were 
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again those of individual differences, lack of standardization 
of technique, as well as the mability to render thick organs 
sufficiently transparent to allow complete visualization of the 
whole circulatory tree. Nevertheless, to this method we owe the 
excellent observations made by Spalteholz on the heart 
(1907). He employed a chrome-yellow gelatine with subsequent 
clearing. 


B. TECHNIQUE EMPLOYED IN” EHESE=sTUDIES 


As all these methods had their good points and _ since 
each had its especial application, the author has used a com- 


bination In somewhat modified form. 


Fic. 1.—Flanged glass nozzle. 


By employing a simple apparatus mm which every element 
of technique could be accurately measured and standardized, 
uniform Injections were obtained with a barium sulphate sus- 
pension in gelatine (vide infra). After injection, the hearts 
were roentgenographed stereoscopically, cleared, and finally dis- 
sected and sectioned. 

A separate series of hearts was injected for the purpose of 
following out by sertal section the minute circulatory structure. 

The apparatus used (Fig. 3) has proven eminently satis- 
factory, so that rts uniform results rendered comparative work 
thoroughly reliable. 

The hearts are injected forty-five hours after death to 
allow rigor to pass off. The chambers are previously washed 
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free from clot and cannulae inserted into the orifices of the 
coronary arteries. 

In the case of large hearts, large cannulae are used. These 
are made by coating an ordinary pin with graphite, inserting 
this into the point of a glass nozzle, heating the tip until red 
and then flattening down on a hard smooth surface. The pin, 
which meanwhile has preserved the lumen, can now be with- 
drawn. In this way a flange ts formed at the end of the nozzle 
(Figs): 

In the case of infants’ hearts, cannulae are made by solder- 
ing a thin rim of silver around a No. 20 gauge 2-inch hypoder- 


mic needle and filing off the point beyond it (Fig. 2). 


Fic. 2.—Flanged metal needle. 


The loose cellular tissue on the external surface of the aorta 
just at the point of emergence of each coronary ts bluntly 
dissected with a pair of hemostatic forceps until the whole 
circumference of the vessel is cleared. A silk thread is now 
tied around the artery as close as possible to the point of 
emergence, the flange of the needle being below the loop. 

Rubber tubing ts placed on the cannulae and these are con- 
nected by a “Y”’ tube. 

The heart is then suspended by inserting a glass rod under 
the bridge of the pericardium which lies between the great 
vessels and the auricles, and resting this rod on a tripod. 

The tripod ts placed in the upper chamber of the apparatus 


which consists of a wooden box lined with copper. Separating 
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It into two chambers (upper and lower) 1s a pan which has an 
outflow tube connecting it to the outside. In the center of the 
pan are two openings, necked to prevent dripping into the 
lower chamber. 


Fic. 3.—Injection apparatus. 


” 


*“A,”? Compressed air tank which blows air into “B,” chamber which registers the 
air pressure by means of manometer “C.” 

“T),”’ Pressure tube which can be attached to either “E,’’ mlet tube of saline flask, 
or “F,”’ inlet tube of injection mass bottle. By this means saline can be forced out of 
flask “‘“G,” into spiral tube “‘H,”’ which is being heated by the immersible electric heater 
“J.” The saline is thus forced out of spiral “H,” through tube “L,” into bottle ““M,” 
where the temperature is registered by thermometer “N.” Tube “O” conducts the 
saline through cannulae to the organ. Similarly, by applying pressure tube “D” to “F,” 
the injection mass can be forced out of bottle “P,” through “Q,” into the cannula. 

“R” is the out-flow tube. 

“S” is another immersible electric heater. 

“T” and “U” are thermometers for registering the temperature of the chambers. 

“Vis a glass window for observing the condition of the mjecting organ. 

“W’? is an electric illuminating bulb. (Organ for injection is suspended from a 
tripod in the upper chamber.) 


Outside the incubator is a Wolff flask. Into this, com- 
pressed air is forced until an attached mercury manometer 
registers 150 mm. Hg (or whatever pressure It is desired to use 
mm the injection). The pressure tube from this bottle is con- 
nected to a large flask containing normal saline. The saline is 
therefore forced out of the flask into a spiral tube in the 
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lower chamber, which is immersed in a bath kept warm by an 
electric immersion heater. From here, it is conducted into 
the upper chamber into a small Wolff flask which contains a 
thermometer. The temperature of the saline is thus accurately 
determined before it is forced into the blood-vessels. 

By raising or lowermg the spiral tube in the water-bath, 
the temperature can be altered to any degree desired. 

The saline at the proper temperature is now forced through 
the coronary arteries until the washings come clear. 

The whole tncubator is kept at uniform heat by another 
immersion electric heater, a thermometer being placed in each 
chamber. Electric bulbs and glass doors render it quite easy to 
observe the progress of the injection. 

When the blood-vessels are washed quite clean, the pres- 
sure tube from the manometer bottle is attached to a Wolff 
flask containing the injection mass which has been kept in the 
lower chamber. The mass is forced nto the vessels until the 
mercury in the manometer remains constant at 150 mm. 
without requiring additional compression. The vessels are 
then tied off, the cannulae removed, and the heart immersed 
in cold water. 

A suction apparatus attached to the tap is now used to 
suck out and wash the chambers of the heart free from any 
accumulated injection mass. 

The heart is then immersed in cold formalin until fixed 
and bleached when it is ready for stereoscopic roentgenograms 
which should be taken with a tube of medium spark gap. 
(Dr. Morganemploys the following roentgenographic technique: 
Tube distance, 24 inches; stereoshift, 214 inches and 4°; 
tube, 4=5 mch spark gap; time, 149 to 1 second exposure 


according to size; duplitized films, not screened; 20 m.”a. 
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Dr. H. H. Cheney suggests that in very difficult cases where 
the shadows to be cast are very fine, the best results would 
be procured by a technique which calls for longer exposures 
and a very small amount of x-rays.) 

For clearing, the heart is gradually dehydrated in alcohol, 
commencing with 50 per cent and changing every alternate 
day into an alcohol of 10 per cent additional strength until 
absolute. After the heart has remained two days in absolute 
alcohol, the concentration of the latter is tested with an alco- 
holometer, and if the reading is below 99 per cent another 
change into absolute is made until finally the reading remains 
between 99 and 100 per cent. Methylated spirits have proven 
quite satisfactory for the dehydration. 

The heart may now be immersed in synthetic oil of winter- 
green. Clearing commences almost immediately. On account 
of discoloration tt may be necessary to change into a fresh 
quantity of the oil. In two to three days the organ ts rendered 
quite clear and excellent photographs can be taken of the 
specimen completely submerged in the oil of wintergreen. 
(For this purpose, use panchromatic plates with an amber 
filter.) 

Dissections are in this way rendered simple, since practi- 
cally all branches and even branchlets are quite visible and 
can be followed out minutely. 

BARIUM SULPHATE GELATINE. The injection mass em- 
ployed mm this method is made up as follows: 

Soak 300 gm. of a fine French gelatine (preferably Gold 
Label) for two hours in 1,200 c.c. of distilled water. To this add 
1,000 gm. of finely powdered barium sulphate, 500 c.c. of 
distilled water and 2 gm. of thymol. Heat over a water-bath 
until the gelatine dissolves and stir until the whole mass 
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becomes a homogeneous milky fluid. Filter through two layers 
of Victoria lawn. 

If pigmented gelatines are to be used, the same technique 
is employed. The gelatine is made up as follows: 

CARMINE GELATINE. Allow 100 gm. of gelatine to soak 
for two hours in 200 c.c. of distilled water. Warm over a 
water-bath until the gelatine dissolves and filter through two 
layers of Victoria lawn. It is advisable to place the filter in an 
mcubator to prevent the jelly from setting while filtering. 

Dissolve 15 gm. of aqueous soluble carmine (Grubler’s, 
if possible) in 300 c.c. of distilled water. Slowly add 6 c.c. 
of ammonia, stirring continually. Filter through two layers of 
Victoria lawn. 

Now mix the filtrate with the filtered jelly. Add about 
4 c.c. of acetic acid to the mixture, or to be exact, an amount 
which by previous titration has been found just sufficient to 
neutralize 6 c.c. of ammonia. Add 1 gm. of thymol. 

Filter once more through two thicknesses of Victoria 
lawn. With this medium, capillary myjections can be easily 
accomplished and frozen serial sections can be quite success- 
fully obtamed. These are mounted in Farrant’s solution. 

PRussIAN-BLUE GELATINE. Proceed as with carmine 
gelatine, substituting 15 gm. of soluble Prusstan-blue for the 
carmine. It is not necessary to render alkaline and neutralize. 
(On the whole this has proven less satisfactory than carmine 
gelatine.) 

Bayne-Jones suggests that in order to obtain a thorough 
penetration of the gelatine mto the capillaries (e.g., those in 
valves), It is necessary to tie off all the cut edges of the heart, 
as well as the mouth of the coronary sinus. He uses a 114 per 


cent carmine solution in gelatine warmed to 45° C. and in- 
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jects at a pressure of 140 to 190 mm. Hg., the heart bemg 
immersed in a salt solution at 50° C. 

Where it is desired subsequently to cut sections of rapidly 
autolysing and changing tissue, e.g., nodal tissue, or where It 1s 
required to avoid waiting two days for rigor to pass off, a 10 per 
cent solution of potassium sulphocyanide (as recommended 
by McCordick) is allowed to trickle through the coronaries 
for about one hour. In this way, paralysis and dilatation of the 
vessels quickly occur and the organ can immediately be tn- 
jected. Similarly, for roentgenography it 1s not necessary to fix 
the tissues, but the organ should be placed into ice-cold forma- 
lin until the gelatine is set. 

In order to inject the veins of the heart, two methods may 
be employed: one is to place a cannula into the sinus coro- 
nartus; the other, by means of which excellent mnjection of the 
venae parvae and venae minimae cordis may also be obtained, 
is to tie a cannula into the superior vena cava, tie off all other 
exits from the right side of the heart, inject directly into the 
right auricle, freeze the gelatine and carefully remove the 
contents of the chambers. In venous injection, a relatively 
low pressure should be employed. 

In order to obtain contrasting colors for arteries and veins 
or between both coronaries, carmine gelatine may be added to 


the barium suspension in the proportion of 1 to 10. 


CHAPTER II 
THe BLoop SupPLY TO THE VENTRICLES AND AURICLES 


N commencing a description of the distribution of the 
coronary arteries to the auricles and ventricles, the 
author is at once confronted with the difficulty of describ- 

ing a structure which varies not only in different hearts, but 


also, as we shall see later, in the different age periods. 

In order to overcome these difficulties it has been decided 
to give a description of a theoretical heart whose ventricular 
and auricular supply represents an average reconstruction 
from a study of one hundred normal specimens. 

Since the variations are in themselves of considerable 
anatomical interest, however, both physiologically and patho- 
logically, statistical analysis of the hearts will also be given. 

The description which follows is divided into two groups: 
(A) Superficial Divisions; which represent the main branches 
with their subdivisions usually to the first, second and third 
order. In this part of their course they are superficial and can 
easily be seen under the pericardium. After this, however, 
they penetrate the bulk of the heart musculature in a manner 
which will be described Iater, and are known as (B) the 
Deeper Divisions. 


A. SUPERFICIAL DIVISIONS 
Figure 4 Is a roentgenogram of an approximately average 
heart.! It is seen that it is supplied by two coronary arteries, 
a right and a left. 


1The roentgenograms reproduced in this monograph give a view of the cardiac circula- 
tion as if seen from the back so that one looks through and through the arterial tree 
The right side of the plate represents accordingly the right side of the heart and the left 
side of the plate represents the left side of the heart. 


I! 


12 THES BEOODsSU PPE YO Eh ie bib ana: 


The right coronary artery arises from the aorta slightly 
below the level of the right anterior aortic cusp. From here it 
proceeds directly to the right and emerges on the anterior 
surface between the roots of the aorta and pulmonary arteries. 
Hugging the auriculoventricular sulcus, 1t rounds the margo 
acutus, passes that situation of the heart posteriorly where 
the auricles and ventricles meet, known as the crux, and 
finally terminates halfway between the latter and the margo 
obtusus. Here it descends about two-thirds of the way down 
the posterior surface of the left ventricle in perpendicular 
fashion. 

In its passage around the auriculoventricular groove, 
the coronary artery is called the Arteria circumflexa dextra. 
It is occasionally bridged by strands of heart muscle. Through- 
out Its course It gives off branches to auricles, ventricles and 
adjacent fat. 

The first ventricular branch is a delicate arcuate twig 
which is constantly found crossing the root of the pulmonary 
artery to anastomose with a similar branch from the left 
coronary artery (Fig. 24). Its site opposite the insertions 
of the pulmonary cusps defines accurately the junction of the 
conus with the pulmonary artery and may be of some embryo- 
genetic significance. 

On the anterior surface of the right ventricle, two main 
branches descend to the lower third of the heart. In their 
course they grve off a number of more or less parallel twigs 
which extend horizontally to the left as far as similar branches 
from the ramus descendens of the left coronary artery 
and anastomose with them. Horizontal twigs also extend to 
the right as far as the margo acutus. 

A constant stout lateral branch (Ramus lateralis) de- 


Fic. 4.—Roentgenogram of the blood supply m the average heart. 
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scends along the margo acutus towards the apex. At the lower 
third of the ventricle it often turns posteriorly and extends 
transversely across the posterior surface of the right ventricle 
to reach the posterior interventricular sulcus. 

The next constant branch to be given off is the ramus 
descendens posterior. This takes origin at the crux and descends 
along the interventricular furrow posteriorly until it reaches 
the lower third of the ventricle (Fig. 25). 

The terminal portion of the right coronary artery now 
divides into two or three branches (Rami ventriculares sinis- 
trv), which descend on the posterior surface of the left ventricle. 

The left coronary artery arises from the left anterior sinus 
of Valsalva just a little below the level of the free edge of the 
corresponding aortic cusp. Proceeding directly forward and 
to the left, 1t soon bifurcates under cover of the left auricular 
appendage. One large and constant division, the ramus 
descendens anterior sinister, 1s seen emerging on the anterior 
surface of the heart between the root of the pulmonary artery 
and the left auricular appendage. Descending along the 
anterior interventricular furrow, Itt rounds the apex and 
ascends the posterior interventricular furrow to reach the 
lower third of the ventricles. Throughout its course this 
branch supplies numerous transverse twigs to the anterior 
surfaces of the right ventricle, as well as large branches which 
course diagonally down and around the margo obtusus (Rami 
marginales) and maintain a more or less parallel relationship 
to one another. 

Of the latter, one branch is very constant and character- 
istic in Its course, though not so fixed In its origin. Arising 
generally from the ramus descendens anterior sinister, some- 


times from the fork between it and the second main division 
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of the left coronary artery, and less frequently from the latter, 
it Is the most prominent of this group of lateral branches 
and its terminal divisions sink into the musculature as they 
reach the posterior surface of the left ventricle. 

The second main division of the left coronary artery 
(Ramus circumflexus sinister) lies in the auriculoventricular 
sulcus and emerges from beneath the left auricular appendage 
to become superficial where the margo obtusus gives way to the 
posterior surface of the left ventricle. Here 1t takes a more or 
less abrupt downward bend, supplying in its arborizations 
the upper posterior portion of the left ventricle in a fashion 
similar to the other rami marginales on the margo obtusus of 
which it forms another branch. 


Bo TEE DEERE Re DIVE STONS 


The description thus far given takes no account of many 
other important branches and divisions. Of these, one of the 
most Important groups is that of the deeper branches. 

With the exception of the ramus descendens anterior and 
posterior, all the other large coronary branches display their 
main divisions on the anterior surface of the heart. If one 
were to pierce the heart with a knitting needle from its apex 
to a point correspondmg to the center of the base, generally 
speaking, the main coronary subdivisions of the second and 
third order could be said to arrange themselves in a circular 
manner around the external surface of the heart transverse 
to the needle as an axis. 

From this pomt on, the finer arborizations are dichotomous 
and soon plunge into the heart muscle in a direction at right 
angles to the surfaces of the ventricles. As the ultimate arbori- 
zations approach the internal surface of the heart they abruptly 


Fic. 5.—Photograph of injected and cleared specimen, showing the ulti- 
mate subendocardial distribution of the coronary arteries. 
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resume a course parallel to it, and, in richly interanastomosing 
meshes which on the whole have a longitudinal arrangement 
and tend to follow the intricacies of the columnae carnae, 
spend themselves macroscopically under the endocardium 
(Fig. 5). The ultimate capillary distributions follow the 
direction of the muscle fibers, so that long parallel delicate 
capillaries lying in the interstices between the individual 
fibers show here and there a short crossing and connecting 
link of capillary whose length corresponds to the width of a 
fiber. We have not found with Meigs that capillaries penetrate 
through muscle fibers, but that, as held by Késter, capillaries 
surround individual muscle fibers. 

The papillary muscles are turgid with delicate vessels 
which penetrate them through and through, preserving 
throughout a longitudinal arrangement with stepladder-like 
anastomoses. These mount to the apex of the muscle both in its 
main mass as well as on its surface, as described by Ribbert. 

The two rami descendentes of the coronary arteries, as 
already indicated, have a somewhat different distribution. 
In addition to the branches which they distribute on the sur- 
face of the heart and which divide and subdivide in a fashion 
similar to other branches, they possess divisions which pene- 
trate directly through the interventricular septum (Rami 
interventriculares), arranging themselves more or less in the 
manner of harp strings (Fig. 4), those from the ramus de- 
scendens posterior dexter spreading out anteriorly, and 
anastomosing with similar branches from the ramus descend- 
ens anterior sinister. 

The general arrangement of these branches is parallel 
with the base of the heart. 


The subdivisions from these follow in their ultimate dis- 
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tribution the same course and character as described for 
those of the ventricular wall. 

It is noteworthy that the topmost of these rami inter- 
ventriculares (Ramus septi fibrosi) arises from the ramus 
circumflexus dexter at the crux, proceeds anteriorly along 
the region between the interventricular and interauricular 
septa and supplies, in its finest ramifications, the tissue in and 
around the opening of the coronary sinus (Fig. 8). It extends 
from this situation anteriorly, anastomoses with a correspond- 
ing branch from the left coronary artery and penetrates 
through the central fibrous body and undefended space (Pars 
membranacea sept). 

The auricular branches of both coronary arteries do not 
show as constant an arrangement as the ventricular supply, 
nevertheless, there are certain characteristic features worthy 
of note. 

There are, as a general rule, two auricular branches which 
arise from the anterior portion of the arteria circumflexa 
dextra (Rami anteriores). The first of these arises as a stout 
branch very soon after the origm of the right coronary artery 
and, coursing at once posteriorly, reaches the anterior wall of 
the right auricle and follows this as it curves behind the aorta, 
maintaining a horizontal position about half a centimeter 
above the auriculo-aortic groove (Figs. 4 and 8). Reaching 
the site of the imterauricular septum, It gives off several 
twigs which surround the upper portion of the right auricle 
anteriorly and supply the appendage and adjoining regions, 
whereas the main vessel turns abruptly posteriorly and passes 
through the septum to reach the posterior portion. Here, it 
turns, and, ascending the superior wall of the right auricle 


posteriorly to the cava Insertion, It surrounds in ring fashion 
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the site of junction of the superior vena cava with the auricle 
(Sulcus terminalis) and arborizes extensively in the tissue in 
and around the auriculoventricular node. 

Throughout its course, this vessel gives and_ receives 
numerous anastomosing twigs with the other auricular 
branches. As will be shown later, it may arise from the left 
coronary artery, In which case its course is as follows: 

Arising very close to the origin of the left coronary artery, 
often from its posterior main division, it either encircles the 
base of the left auricular appendage, ascending the external 
surface of the left auricle and crossing directly to the region 
of the superior vena cava where it terminates in a manner 
similar to that described for the right coronary origin of this 
vessel, or it passes back immediately after its origin so as to 
course along the anterior wall of the left auricle about half a 
centimeter above the auriculo- aortic groove. When it reaches 
the site of the interauricular septum, it turns up and crosses on 
the superior aspect of the right auricle, between the superior 
cava funnel and the right appendage, ultimately to attenuate 
itself around the opening of the inferior vena cava in a manner 
which 1s described tn greater detail in Chapter IV. 

Throughout its course, It too, gives off numerous anastomo- 
tic twigs, and, particularly as it crosses the roof of the right 
auricle, gtves numerous arborizations to the seat of the sino- 
auricular nodal tissue. 

This most constant and probably most important auricular 
branch shows so characteristic a course that 1t merits the name 
of Ramus ost cavae supertoris. 

The second anterior branch to the auricles from the right 
coronary artery is less constant. It ascends the aortic face 
of the right auricular appendage and distributes itself over the 
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roof of the right auricle, approaching the origin of the superior 
vena cava. 

Very occasionally a lateral branch is given off at the 
margo acutus, which ramifies over the external surface of the 
right auricle, approaching the opening of the inferior as well as 
that of the superior vena cava. 

A number of very small and inconstant auricular vessels 
may be seen besides those described above, but since there ts 
nothing characteristic about these and since they are with 
difficulty distinguishable from vessels which supply the 
pericardial fat, the description of these will be taken up under 
the heading of Arteriae telae adiposae cords. 

The left coronary artery shows, with the exception of 
the ramus ostil cavae superioris already described, one or two 
smaller auricular branches which distribute themselves over 
the anterior surface and roof of the left auricle. Occasionally a 
left lateral auricular branch extends around the posterior 
surface of the auricle to reach the opening of the superior 


vena Cava. 
ARTERIAE TELAE ADIPOSAE CORDIS 


Besides the main vessels which have thus far been de- 
scribed, there are a number of Interesting and important 
branches which apparently occupy both anatomically and 
functionally a category of their own, because considered from 
both these viewpoints they seem to occupy a place half way 
between that of the vasa vasorum and the cardiac coronary 
branches proper. 

These are what may be called fat branches (Arteriae 
telae adiposae). They are seen in greatest number in the fat 
found under the pericardtum—namely, in the grooves between 


THESbEOODsSUPPLY 10) THEEYENTRICLES 23 


the chambers, where they occur as an irregular felt-work, 
and over the sites of the main coronary branches, where they 
exist as delicate parallel accompanying vessels whose distance 
from the main branches varies directly with the amount of fat 
present (Figs. 24 and 25). The rich interanastomosing network 
of delicate vessels, superimposed upon the outer coats of the 
root of the aorta and of the pulmonary artery, falls under this 
category. These fat-vessels arise largely from the first portions 
of the arteria circumflexa smistra and dextra as well as from 
their branches soon after their origin. 

In a later chapter their importance and significance will be 


shown. 
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It is of considerable interest and importance to coordinate 
the description given above of the distribution of the individual 
coronary arteries and consider the supply of the heart as a 
whole as well as of tts specific parts. 

Numerous investigators have attempted to inject both 
coronary arteries at the same time, and, by using a differently 
colored injection mass for each coronary artery, have obtained 
results which in some measure help to throw light on those 
regions of the heart which are supplied by both. 

Amenomiya, Nussbaum and Sternberg have contributed 
much valuable information in this direction. 

It must first of all be remembered that there can be no 
sharp line of demarcation between the supply of right and 
left coronary arteries, since, not only do their branches overlap, 
but also, as will later be shown, profuse and abundant anas- 
tomoses leave a wide borderline which is supplied by both 


vessels. A rather arbitrary division will therefore be given, 
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first, of the supply of each artery; secondly, of the common 
supply by both vessels. 

Since the auricular distribution of blood-vessels is so 
prone to variations that an attempt at giving a typical descrip- 
tion becomes artificial and practically worthless, this will be 
left to the consideration of variations. The following descrip- 
tion, therefore, answers in a rather unsatisfactory way for 


the supply to the ventricles. 


> 


Fig. 6.—Diagram of cross section through the heart, showing regions 
supplied by the left and right coronary arteries. 
Lines running from right to left represent the supply of the left coronary artery. 
Lines running from left to right represent the supply of the right coronary artery. 
The crossed areas represent supply from both vessels. 


From the description which has been given above, it can 
readily be appreciated that the right coronary artery in the 
typical average heart supplies the entire right ventricle with 
the exception of the left third of the anterior wall. Besides 
this, its rami ventriculares sinistri supply the right half of 
the posterior wall of the left ventricle and a small strip of 


the mterventricular septum (Fig. 6). 
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The left coronary artery, on the other hand, supplies 
the whole remaining part of the left ventricle, the small left 
anterior portion of the right ventricle not supplied by the 
right coronary artery and a small anterior strip of the inter- 
ventricular septum. F 

The areas of junction on the posterior surface of the left 
ventricle and on the anterior surface of the right ventricle 
where these divisions meet, are supplied by both vessels. 
Thus, the intervening portion of the interventricular septum 
is supplied by branches from the ramus descendens posterior 
dexter and ramus descendens anterior sinister and the pos- 
terior papillary muscle of the left ventricle by the rami ventricu- 
fares sinistri from the right and the rami marginales'from the left 
coronary artery. At least a portion of the anterior papil- 
lary muscle of the right ventricle is supplied from the ramt inter- 
ventriculares from the left andthe rami anteriores fromthe right 
coronary artery. Indeed, it Is quite easy to trace a distinct 
Jarge vessel through the trabecula septomarginalis to this 
papillary muscle, which appears to supply the greater volume 
of its blood to this region. 

The large anterior papillary muscle of the left ventricle 
receives its blood from the rami marginales and the inconstant 
posterior papillary muscle of the right ventricle from the rami 


posteriores of the right coronary artery. 


CHAPTER III 
VARIATIONS IN THE DISTRIBUTION OF THE CORONARY ARTERIES 


S has been indicated, the coronary arteries are 
rather prone to variations. It is this disposition to 
variations which renders their description somewhat 

artificial and rigid. There appears, however, to be one typical 
variation which is rather constant and which will be described 
here. For the reason that the other possible variations assume 
clinical and pathological interest, a table classifying a statis- 
tical analytical study of the course and character of the 
coronary arteries will follow. 

If one makes a review comparing the general characteristics 
of the average distribution of left and right coronary arteries, 
one ts struck by the fact that the main stout ramus descendens 
anterior of the left coronary artery has tts counterpart in the 
ramus descendens posterior of the right; furthermore, that the 
[eft coronary artery seems to trespass on the anterior surface 
of the right ventricle and falls somewhat short of supplying 
completely the left ventricle posteriorly. 

The main scheme, therefore, in so far as the ventricular 
supply is concerned, seems to be a sort of twisting of the vessels 
in a direction from left to right anteriorly and right to left 
posteriorly. 

An examination of what is termed the typical variation 
(Fig. 7) shows, first of all, that both the anterior and posterior 
rami descendentes come from the left coronary; secondly, 
that the rather aborted ramus circumflexus sinister, which is 

26 


Fic. 7.—Roentgenogram of a typical variation in coronary artery 
dirtribution. 
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seen in the normal heart, is represented here by a very typical 
and characteristic circumflex branch which imitates accurately 
that found normally on the right side. Thus, even the branches, 
which have been described as originating for the most part 
from the fork of the two main coronaries normally, in this 
instance arise from the left coronary artery all along its course 
through the auriculoventricular sulcus and up to a point 
where it, again imitating the right coronary artery, abruptly 
bends downward at the site of the crux and proceeds to the 
lower third of the heart. The third striking feature 1s the very 
much aborted and simplified right coronary artery. The ramus 
circumflexus, now resembling that normally found on the left 
side, ends at the margo acutus and gives off some delicate 
branches, one of which continues in the auriculoventricular 
sulcus towards the crux, the others presenting a rather scant 
supply over the posterior face of the right ventricle. The main 
body of the right coronary turns abruptly down at the margo 
acutus and fmally attenuates itself toward the apex. For the 
rest, the subdivisions of this vessel on the anterior surface of the 
right ventricle is similar to that found in the normal. 

The auricular supply mn this type shows no characteristic 
variation. 


SEAS DIGALS ANALY Sis] OF THE WARTATIONS 


The site of origin of the coronary arteries shows consider- 
able variation. Since, as Tandler points out, the old discussion 
between Morgagni and Fantoni and later between Hyrtl 
and Briicke, as to the importance of the site of opening of the 
coronary arteries in connection with the position of the 
semilunar cusps in systole, has lost its significance, It 1s sufli- 


cient to state with Piquand that they arise in the center 
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line of the sinus of Valsalva somewhat anteriorly to the inser- 
tion of the cusps. 

So far as the number of the coronary arteries at their 
origin Is concerned, it is interesting to note that Morgagni, 
Cruveilhier, Hyrtl, Bochdalek and Engelmann have described 
cases where the total blood supply to the heart came from a 
singly existing coronary artery. 

Fallopius and Riolanus held that normally one coronary 
artery exists in the heart. Morgagni, however, showed that 
two exist. 

Occasionally more than two coronary arteries spring from 
the aorta. In such instances the accessory branch or branches 
represent twigs which, i the ordinary course of events, 
spring from the main coronary, but which, in these cases, arise 
directly from the aorta close to the origin of the main stem. 

Tandler states that this multiple origin of coronartes Is 
found on both sides, more frequently on the left. Out of the 
100 cases studied by the author, mn four instances a second 
origin of a coronary artery was seen; of these, two were on the 
left side and two on the right. Here the accessory coronary 
pursues a course identical with one of the rami ventriculares 
anteriores. The accessory openings in the left anterior smnus of 
Valsalva were somewhat to the left of the opening of the main 
coronary artery. Of those on the right side, one arose to the 
left, and the other, below and to the right of the main coronary 
artery. 

That this condition occurs more frequently than reported 
and is often missed, seems quite possible, since the accessory 
coronary branch is usually very small and, unless a careful 
dissection 1s made or an injection directly down the lumen of 
the aorta carried out, the condition can easily be overlooked. 
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Although occurring relatively infrequently, the condition 
assumes some clinical importance, for an obliteration of a 
main coronary artery which leaves intact an accessory twig 
may enable a heart, which has had time to adapt itself to the 
diminution in its blood supply, to carry on a relatively un- 
disturbed function. 


VARIATIONS IN THE MAIN BRANCHES 


In considering the variations occurring in the main 
branches of the coronary arteries, it has been decided to 
present these in table form. This can conveniently be expressed 
by categorizing, according to their site of origin and main 
course, the branches in the 100 hearts which were very care- 
fully studied, indicating the percentage in which they occurred 
singly, as two branches, three, etc. 

In the text which follows each chart, a more detailed 


discussion on the qualitative nature of the variations Is given. 
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Numbernof Branchessaia.....%)2f=2eges «| 20 I 2 3 


ee ; 4 | 5 | 
Rann gM) PEDIOLES cvs/5 ey eiees is. cherie ab. Bia st Ae \asOuy Al 3 On Oe 
Romi leateralesin ee. aac. oa hee 6 | 84 8 0 | 0 2 S 
Rami Ventriculares Dextri Posteriores.. 48 | 40 8 0 A\ 0 2s 
Ramus Descendens Posterior.......... SALO2WsOull Osa. O1leG ie 
Rami Ventriculares Smistri............ | NO 32 e220 ero Os ie 


TABLE II.—TERMINATION OF RAMUS CIRCUMFLEXUS 
DEXTER 


| Between Crux 
Margo Acutus Crux and Margo Obtusus 


Margo Obtusus 


or | 
4 percent | 10 per cent | 66 per cent | 20 per cent 
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Where several rami anteriores exist, they course somewhat 
diagonally across the anterior surface of the right ventricle 
and approach the ramus descendens sinister at right angles. 
In their course they are parallel and relatively equidistant to 
one another. They do not dichotomise with frequency In therr 
main stems but rather towards the end of their course on the 
surface of the heart. 

Where the rami anteriores occur in smaller numbers, they 
proceed in a line drawn to the apex, giving off all the while 
parallel and more or less equidistant branches to the right and 
principally to the left side in a manner very similar to those 
described above. 

The ramus lateralis, as will be seen in Table I, occurs most 
frequently singly. Here it descends in somewhat tortuous 
fashion towards the apex, divides before reaching it and 
distributes branches to the anterior and posterior aspect of the 
lower portion of the right ventricle. 

The rami postertores are infrequent. Occurring usually 
singly, they have a short course parallel to the ramus 
lateralis. 

The ramus descendens posterior terminates in 5 per cent 
of the cases at the upper third of the posterior interventricular 
sulcus, m 27 per cent: at the middle, in 39 per cent m the 
lower third, and in 29 per cent at the apex. 

When the rami ventriculares sinistri occur multiple, they 
are given off, as a general rule, fairly close one to the other near 
the crux, spending themselves m their coarser distribution 
on the inner and upper half of the posterior surface of the left 
ventricle. | 

Of the termination of the ramus circumflexus dexter (Table 
II), tt need only be said that 66 per cent end somewhere between 
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the crux and the margo obtusus. Of these, 41 per cent end half- 
way between the two points. 
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As has been pointed out before, with the exception of 
the stout branch to the junction of the superior vena cava with 
the right auricle (Ramus ostit cave superioris), the auricular 
branches are rather inconstant in ther distribution. In a great 
number of cases the branches are so small that the borderline 
between those which may be called auricular branches, and 
those which fall into the category of fat branches, is very 
uncertain. It is noteworthy that, although both auricular as 
well as fat branches usually arise from the main ramus circum- 
flexus, they also take origin from the beginning of the ventricu- 
lar branches. 

As will be seen by the nomenclature (Table III), the divi- 
sion of these branches into groups according to their site of 
origin is purely arbitrary, smce this may not, and often does 
not, correspond with their ultimate distribution. Thus, a 
ramus auricularis sinister posterior Is occasionally seen to cross 
the region of the interauricular septum from left to right and 
ultimately to arborize on the right side of the right auricle. 
Indeed, it is not infrequently found that the vessels pursue a 
bizarre course and supply at random almost any conceivable 


portion of the auricles irrespective of the original site of origin. 
3 
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It is true, however, that to a certain extent a branch will supply 
that portion of the auricle which it first crosses and in this 
way there is some correlation between the nomenclature and 
the function of the vessel. 

It is on account of this rather inconstant supply of these 
vessels that it has been decided to give, at the end of this 
chapter, an analysis of the blood supply to the auricles in 
bulk, that is, stating approximately the ratio of auricles sup- 
plied from the left and right coronary arteries. 


TABLE 1V.—ARTERIA CORONARTA SINISERA 


SUPPLY TO VENTRICLES 
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TABLE V.—TERMINATION OF RAMUS DESCENDENS 
ANTERIOR 
Lower Third of | ‘Lower Third of | Middle of 
Anterior Apex Posterior Posterior 
Interventricular Interventricular | Interventricular 
___ Sulcus Sulcus Sulcus 
QVC cent 7 38 per cent 42 per cent 8 per cent 


TABLE VI.—TERMINATION OF RAMUS CIRCUMFLEXUS 


SINISTER 
| Between Margo | : | Between Crux 
Margo Obtusus | Obtusus | Crux | and 
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Here it must be noted, first, that the ramus descendens 
anterior gives a number of branches to the right ventricle, 
which run in the same direction and meet the rami anteriores 
from the right coronary artery. Secondly, the rami marginis 
obtusi, which are represented on the right side by the rami 
anteriores and laterales, arise, as pointed out before, somewhere 
on the left ventricular aspect of the ramus descendens and 
ramus circumflexus smister. The variations, here, are charac- 
terized by a shifting of their site of origin anywhere from the 
extent of the ramus descendens to the ramus circumflexus as far 
as the junction of the margo obtusus with the posterior surface 
of the left ventricle. 

The greater number of these diagonally running vessels 
come off the ramus descendens, the lowermost terminating 
their superficial course on the anterior surface of the left 
ventricle in the region of the apex. The remainder, together 
with those taking origin from the ramus circumflexus, round 
the margo obtusus to reach the posteroexternal portion of the 
Ici ventricle: 

There are usually one or two branches from the ramus 
circumflexus opposite the center of the margo obtusus, which 
are larger than the remaining rami marginales and which 
extend downward towards the apex. 

The first characteristic variation to be considered is the 
termination of the ramus descendens anterior. It will be seen 
in Table V that the site of election is the lower third of the 
posterior interventricular furrow. In this regard it is to be 
remembered that the final, minute termination extends much 
farther. The place, however, where the superficial and coarser 
circulation ends has been used as the point of termination. 


In 84 per cent of the cases there were no distinct rami 
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posteriores and in these cases the posterolateral surface of 
the left ventricle was supplied by continuations of the rami 
marginis obtust. 

Rami descendentes posteriores occurred only in instances 
where the ramus circumflexus reached the crux. In the same 
Instances rami ventriculares dextri were given off, usually 
only one; m one case, three (Table IV). 


TABLE, VIE—ARTERTA -CORONARITASSINISIARA. 


SUPPEY LO AURICEES 


Number of Branches. .... ee Ran nr: i 0 Plic |, tonlete | 
Rami Anterioleos eee eh lc ei ee | 5 | 45 ee | 23 | 
Rami Laterales......... Lane cae cane \ 77 | 2° a 0 | &e 
Rami Auriculares Sinistri Posteriores. a a 86. 14 | 0 | o | ae 
Rami Auriculares Dextri Posteriores. . ae Peacee, a ) | ) | ) | o | an 


The same remarks as to the inconstancy in course and 
character of the auricular branches, which were made for the 
rami auriculares from the arteria coronaria dextra, apply 
equally well to those from the arteria coronaria sinistra. 


It will be noted in Table VII that there are no branches 
arising from that part of the ramus circumflexus sinister which 
occasionally (in 2 per cent of cases, Table VI) extends beyond 
the crux to the right side. This, of course, does not mean that 
auricular branches from the left coronary artery do not extend 
over to the right side, for this Is, as a matter of fact, not infre- 
quently seen. 

Upon examining the roentgenograms carefully, it was found 
that in 44 per cent of the cases most of the circulation to 
both auricles came from the right coronary artery; in 36 per 
cent of the cases, the distribution of auricular branches and 
vascular structure was about equal from the right and left 
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coronaries, and in 20 per cent of the cases most of the blood 
came from the left coronary artery. 

It is interesting to note, in this connection, what an impor- 
tant role the ramus ostil cavee superioris plays, for in 82 per 
cent of those cases which showed a preponderance of supply 
from the right side, there existed a ramus ostil cavae superioris 
taking origm from the right coronary artery. In 100 per cent 
of the cases where the preponderant supply was from the left 
coronary artery, the ramus ostil cave superioris arose from 
the same side. Taken altogether, the ramus ostii arose from the 
right coronary artery in 60 per cent of the cases, and from the 
left m 40 per cent. 

From the foregoing description of the variations which 
occur in the branching and ultimate distribution of the 
coronary arteries, it follows that the heart as a whole, as well 
as Its parts, e.g., septum and papillary muscles, presents 
functional differences corresponding to these variations, an 
observation which ts rather important clinically and anatom1- 
cally, for, whereas for example, in the typical blood supply 
an infarction and necrosis of the posterior papillary muscle of 
the left stde would indicate a closure of branches from both 
sides, in the typical variation which has been described, closure 
of one or two rami posteriores from the left coronary alone 
would cause the same condition. Again, when the ramus 
circumflexus dexter reaches the margo obtusus (20 per cent), 
obliteration of it alone would lead to a total necrosis’ of that 
muscle; as also with the supply, to the mterventricular 
| septum. 

The most frequent seat of variations, so far as supply from 
left or right is concerned, lies in the extent of supply to the 


posterior wall of the heart. As has been noted, this may vary 
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from cases where branches from the left coronary artery extend 
practically to the margo acutus, to where branches from the 
right coronary artery extend to the margo obtusus. In these 
instances the region of the heart supplied by each, as well as 
the region of the heart recetving blood from both, will vary 


with the anatomy of the circulatory structure. 


GHAPrerR lV. 
Tue Broop Supply ro THE NEUROMUSCULAR TISSUE 


N describing the blood supply to the conducting apparatus 
of the heart, to which, among others, notable contribu- 
tions have been made by Purkinje, Gaskell, Kent, W. His, 

Jr., Kerth and Flack, Aschoff and Tawara, Moenckeberg, 
Koch, Fahr, Hering and Erlanger, it is deemed advisable to 
give a short description of this structure in order to review Its 
morphology and, therefore, appreciate better the specificity 
of its vascular architecture as well as the functional significance 
Of the latter. 

This structure which, despite the objections by some 
observers, as Dogiel, ts now held to be responsible for the 
orderly origin and conduction of impulses from auricles to 
ventricles, consists of: (a) two main nodes which are, according 
to Thorel, united by a specially differentiated strand of tissue, 
but, according to Keith and Flack and Koch, ununited except 
by the ordmary musculature of the auricles; (b) a main 
auriculoventricular conducting bundle which divides into two 
limbs for right and left ventricles; (c) a very rich and profuse 
arborization of the Itmbs in both ventricles. 

Of the two main nodes, one, Known as the sino-auricular, 
lies in the sulcus at the junction of the superior vena cava 
with the right auricle, more on Its anterior aspect. The other, 
known as the auriculoventricular node, lies within the mouth, 
and extends to the left of the opening of the smus coronarius 
into the right auricle. It is certain that the main conducting or 
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His bundle ts a direct continuation of the latter, which, lying 
in a sheath (described by Curran) penetrates the septum 
fibrosum. This is from 1 to 3 mm. in width and 1 to 2 cm. in 
length and usually runs along the lower border of the pars 
membranacea septit where it divides into a right and left 
septal branch which saddle the top of the mterventricular 
septum. The right limb extends into the vestigial moderator 
band (Trabecula septomarginalis, Tandler) as a fairly distinct 
column which may or may not course superficially. Here it 
breaks up nto an extensive interlacing and interanastomosing 
network of fibers which are generously distributed over the 
internal surface of the right ventricular wall. 

The left limb passes over the top of the mterventricular 
septum and, soon spreading into a fan-shaped, thin and flat 
structure, distributes itself over the interior surface of the left 
ventricle in two divisions. These are called, according to their 
location on the interventricular septum, fasciculus anterior and 
fasciculus posterior. 

So far as the histology of this structure Is concerned, 
it may be stated briefly that the nodes and main bundle are 
made up of a meshwork of narrow, somewhat fusiform fibers 
with more or less indistinct striations. These cells gradually 
give way, as they ramify in the ventricles, to large pale fibers 
of relatively undifferentiated protoplasm with striations 
clearly seen in their outer strata. The nuclet of the main 
bundle are numerous and always surrounded by a perinuclear 
space; those of the ultimate ramifications never occur together 
and are always near the border of the cells. 

In 1907 Kerth and Flack first pointed out that the sino- 
auricular node possesses a distinct and specific blood vascular 
system. This was substantiated in rg09 by Koch, who described 
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in greater detail a stout branch from the right coronary artery, 
which courses between the aorta and mesial wall of the right 
auricle to penetrate the interauricular septum and sends a 
twig to surround posteriorly the cava sulcus. Here it anas- 
tomoses with a delicate auricular branch which arises from 
the main coronary in this situation and ascends between 
the musculae pectinati, passing practically free through the 
interstices. The vessels now pass the situation of Wenckebach’s 
bundle and pierce through the sino-auricular node. 

In 1906 ‘Tawara described a special blood supply to the 
auriculoventricular node, the main bundle and its chief divi- 
sions. This was later described by Keith and Flack as a 
relatively large branch of the right coronary artery which accom- 
panies the main bundle as it penetrates the annulus fibrosus. 

Moenckeberg (1908) described vessels supplying the auri- 
culoventricular node and the main bundle but did not consider 
them specific or constant in their supply. He had seen a thick 
vessel emerging from the auricular septum to enter the bundle 
and divide into many small vessels which accompany the stem 
of the bundle forward. From these, two branches continue to 
the anterior portion of the bundle up to the point of division. 

Spalteholz (1909) observed a delicate vessel entering the 
bundle but was unable to determine its ultimate course. 

In 1910 Georg Haas published the results of his researches 
in this direction. He employed differently colored injection 
masses for each coronary artery, fillmg, m some cases, a 
single coronary artery; m others, both at the same time. 

Isolating what he believed to be the specific branch to the 
auriculoventricular nodal system, he also attempted to inject 
this branch alone, but was unsuccessful on account of technical 


difficulties. 
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Haas’s experiments consisted in injections, dissections and 
serial sections of human, dogs’ and calves’ hearts, and from 


these he came in part to the followmg conclusions: 


In man the right coronary artery plays the chief réle, supplying two 
branches from the posterior coronary arch. First, a ramus septi ventri- 
culorum superior, which supplies the upper posterior half of the septum, 
piercing into the left ventricle and supplying the posterior divisions of 
the neuromuscular limb in this situation. Secondly, a ramus septi fibrost 
which, coursing through the auricular septum, sends several branches 
through the septum fibrosum to the inner muscular layers of both ventricles 
and finally, as a stout twig, enters Tawara’s node and loses itself in the 
main bundle and beginnings of both neuromuscular limbs. The anterior 
branches to the left main limb are supplied by fine twigs from the left 
coronary artery; the right limb lies just on the border between the regions 
of arborization of the right and left coronary arteries in the septum. 


He is of the firm opinion that in the human heart, no 
anastomoses exist between the right and left coronary arteries 
in the auriculoventricular node and main bundle. 

From a study made on 100 hearts, the author ts of the 
opinion that a distinct and specific blood supply exists for both 
sino-auricular and auriculoventricular nodes, the main bundle, 
the first portion of the left limb and a large part of the right limb 
of the neuromuscular system. The remainder shows a supply 
which corresponds to the area of heart musculature upon which 
it rests. 

The discrepancies in the otherwise excellent work of 
Haas are probably due to technical errors, Haas himself 
admitting difficulties. Dissections In an uncleared specimen, 
even though perfectly injected, are at best open to error, and 
serial sections, though throwing much light on the microscopic 
appearance of capillaries, etc., are eminently unreliable for 


coarser reconstruction. 


Fic. 8.—Photograph of mjected and cleared specimen, showing the blood 
supply to the neuromuscular tissue on the right side. 
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Figure 8 shows an injection by the method described by the 
author in the chapter on technique. Here it is seen quite 
clearly that a very stout and characteristic branch which 
arises close to the origin of the right coronary artery, in this 
case makes a fairly direct course for the region of the sino- 
auricular node and ts called, on account of its obviously specific 
supply, the Ramus ostu cava superioris. As its detailed de- 
scription has already been given (Chapter II), it need only 
be pointed out that though this vessel is more or less character- 
istic In its ultimate supply, it is not absolutely frxed in its 
origin, for tt may arise from either left or right coronary artery. 
Furthermore, the author has been unable to find the character- 
istic twig which Koch describes as arising from the main 
coronary close to the origin of the inferior vena cava and 
passing practically free through the interstices of the musculae 
pectinati, but has found instead: 

First, that several auricular branches in the vicinity give 
off numerous anastomotic twigs; secondly, the ramus ostil 
cavae superioris shows extensive anastomoses with its own 
branches; thirdly, in certarn instances where the ramus ostil 
cavae superioris arises from the left coronary artery (not 
pointed out by Koch) it may either supply the nodal tissue 
only as it passes this site anteriorly, other auricular branches 
contributing largely to the rimg-shaped encircling arterial 
structure, or, It may bifurcate as 1t reaches the cava funnel 
and encircle it with two embracing branches which anastomose 
freely with each other as well as with other auricular branches 
in the region of the external surface of the right auricle; 
fourthly, the author has failed to find a vessel which lies, on the 
whole, free mn the interstices of the musculae pectinatt. 


There are never two rami ostil cavae superiores, always 
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one. No blood-vessels have been found to show a supply for a 
specific tissue which might connect the sino-auricular with 
the auriculoventricular node, an observation which ts confirm- 
atory of Koch’s. 

Figure 8 also shows the ramus septi fibrost. This corresponds, 
except for a few details, very well with the description given 
by Haas. It arises invariably from the crux, and since this 
is crossed most frequently by the ramus circumflexus of the 
right coronary artery, It receives its blood usually, though 
not invariably, from this source. 

Coursing directly anteriorly it gives branches to the 
neighboring tissues, one of which, usually a stout twig, Is 
fairly constantly seen supplying the superior portion of the 
mterventricular septum. The main (though occasionally more 
delicate) vessel, however, plunges into the auriculoventricular 
node and accompanies this as it gives way to the main bundle, 
and often the bundle in its primary divisions. 

Just as the ramus septt fibrosi represents really a superior 
septal branch from the ramus descendens posterior, even so Its 
behavior is similar to these, Inasmuch as it receives anas- 
tomoses from the superior septal branches of the left coronary 
artery. 

These septal branches can readily be seen in a cleared 
specimen. They curve close under the insertion of the right 
aortic cusp, in the musculature of the interventricular septum, 
sometimes better seen on the left side, and approaching the 
undefended space, ramify in the neuromuscular tissue in the 
septum fibrosum, anastomosing with the corresponding vessel 
from the right side. 

The main point of difference in the circulation as de- 


scribed here, with that of Haas, lies in the existence of anas- 
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tomoses which take place between branches from the left as 
well as the right coronary arteries. 

In a case cited by Haas this anatomical construction is 
borne out. This concerns a heart where there occurred em- 
bolization of the ramus septi fibrosi with hemorrhagic infarc- 
tion of the mterauricular septum and the muscular divisions 
which enter into the nodal structure. The anterior portion of 
the node was preserved though much altered by inflammation. 
Here, Haas states, perhaps anastomoses occurred with the 
ramus superior septi ventriculorum or with the anterior septal 
artery. 

The right limb of the neuromuscular bundle, as has been 
stated, pursues a practically uninterrupted course through the 
trabecula septomarginalis. Throughout, it Is accompanied 
by a stout vessel (Ramus limbi dextri) derived from one of 
the earliest divisions of the ramus descendens sinister, and 
really representing a septal branch. At the base of the trabec- 
ula, twigs from the rami anteriores of the right coronary 
artery penetrate and anastomose with the ramus limbi dextri. 

The ultimate arborizations are supplied from the rich 
subendocardial vessels which have been described on page 16, 
and correspond in them nutrition with the area of heart 
musculature upon which they lie. 

The left limb of the neuromuscular structure has no specific 
blood supply of its own, but derives its nourishment on its 
septal aspect from the profuse anastomoses of septal branches 
from both sides, the fasciculus anterior recerving more blood 
from the left coronary artery, and the fasciculus postertor, 
from the right. For the rest, here, as in the right ventricle, the 
ultimate divisions vary in their blood supply according to their 


situation on the heart musculature. 
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It is important to remember that variations in the vascular 
architecture will profoundly alter the blood supply to the 
neuromuscular tissue. 

It has already been pointed out that the sino-auricular 
node is supplied from the right coronary artery in 60 per cent 
of the cases examined, and from the left, in 40 per cent. 
Since the ramus septi fibrosi arises from that coronary artery 
which passes the crux, it follows that Its origin Is as follows: 


(a) Right, Coronary Artery... «07.00 percent 
(Dyaleett: Coronanne At tery. sence Aepewcent 
(Cw eocsibletromuletiqan m2 Uae 10 per cent 


The percentage of possibilities from left or right is due 
to the fact that this figure represents the proportion of cases 
where both left and right ramus circumflexus reach the crux. 
In these cases, 6 per cent of the possibilities came from the 
right and 4 per cent from the left, so that the final figures are: 


(@yeRicht, Coronainve Artery. ae eee O2 percent 
(bP ett. Goronainyenr tery eee 8 per cent 


As with the ramus ostil cavae superioris, this branch 
always arises from one side, never from both. 

Since no variations were found in the occurrence of the rami 
interventriculorum from the ramus descendens anterior sinis- 
ter, at least in our cases, It may be assumed that the limbus dex- 
ter of the neuromuscular tissue invariably derives its blood from 
the left coronary artery. 

So far as the blood supply of the fasciculi of the limbus 
sinister on their septal aspect is concerned, in those cases 
where the ramus descendens posterior arose from the left 
coronary artery (8 per cent) they were supplied wholly from 
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this artery. This, as will be noted, corresponds to the ratio of 
supply to the auriculoventricular node from the same side. 
In the other 92 per cent, both coronary arteries contributed to 
their supply. 

The ultimate distribution of the Purkinje fibers also corre- 
sponds, as regards their blood supply, to the variations described 
in Chapter III. 

To bring out the clinical and pathological importance of 
this vascular arrangement, as well as to lend support to the 
anatomical description, there follows a series of cases described 
by Moenckeberg, in which distinct pathological lesions of the 
neuromuscular structure are traced to interference with its 
specific blood supply. 

It is already well known that this tissue at times shares 
pathological processes with the rest of the heart musculature; 
at times escapes; and, at times, is the sole part affected in 
generalized hematogenous disturbances. 

Moenckeberg, for example, has shown that in a case of 
endo- and focal myocarditis, a distinct infiltration and con- 
gestion of the neuromuscular tissue occurred. 

In some cases of brown atrophy, the bundle contained fat 
and much more brown pigment than the muscular tissue 
proper. 

One case of arteriosclerosis and brown atrophy of the 
heart showed an absence of pigment in the limbus sinister. 

In a male, aged seventy-seven, who died of pyelonephritis, 
heart failure and brown atrophy of the heart, the bundle was 
very fatty but contained no brown pigment. 

Moenckeberg attributes this discrepancy in the prgmenta- 
tion of the bundle to the fact that pigmentation must be 


advanced before tt affects the bundle. 
4 
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In another case dying from general peritonitis, fatty rings 
were found only in the bundle. It is to be remembered that 
normally the bundle contains fat. 

In a case of thoracic mesaortitis with stenosis of a coronary 
artery, there was no necrotic lesion in the bundle. This case 
assumes particular significance when, by contrast, a series Is 
examined where this bundle artery has been blocked. Thus, in 
a male, aged eighty-two, who showed clinically the Stokes- 
Adams syndrome with bradycardia and dissociation, and who 
presented at autopsy a heart with concentric hypertrophy of 
the left ventricle and considerable sclerosis of the main 
coronary arteries with, however, patent Iumina, a scar was 
found at the site of the bundle. As Moenckeberg could find no 
other explanation for this, other than embolic blocking, he 
came to the conclusion that “‘this condition is, however, only 
to be explained by assuming a distinct and specific artery to 
the bundle, and in this way the above case supports the view 
that the blocked bundle must have contained a specific vessel.” 

In Case xxtv of Moenckeberg’s series, there 1s an interest- 
ing illustration of the specificity of supply to the bundle. 
In an indrvidual, aged stxty-three, who died with arterto- 
sclerotic kidney, there was found arteriosclerosis of the coro- 
naries with old closure of the right and many scars in the 
heart muscle. The septum in the region of the bundle was scarred, 
but the bundle itself was intact. Here evidently the vasculature 
to the bundle was functioning perfectly. 

That scarring may be scattered in the bundle so that some 
of the fibers are spared, is illustrated m Case xxv. This 
concerns a male, aged seventy-five, who died of heart block, 
general arteriosclerosis and atheroma of the coronary arteries. 


Here, there was found scarring at the origin of the bundle but 
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a number of fibers passed through intact. Evidently the 
block ng was only in some of the finer divisions of the ramus 
septi fibrost. 

Additional a posteriori evidence of the existence of a specific 
bunde blood supply is found in Case xxvr. A male, aged 
fifty-seven, who showed at post-mortem coronary arterio- 
sclerosis, chronic heart aneurysm, old mitral endocarditis, 
etc., presented an intact bundle lying on an extensively and 
thoroughly scarred subjacent and surrounding tissue. Case 
LIX showed, similarly, anemic necrosis of the septum with the 
bundle intact. 

So far as the effect of coronary artery obliteration on the 
ultumate distribution and function of the neuromuscular 
structure is concerned, it can be stated that the outlook ts 
much brighter, for though the tnfarctions show their greatest 
extent on the internal surface of the heart, the very rich and 
profuse subendocardial anastomoses generally supply suflicient 
nourishment to the supertmposed Purkinje fibers to keep 
them intact. 

Of course, where scarring has been so extensive as to 
involve the whole thickness of the wall and include the endo- 
cardium, there, undoubtedly, disappearance of the Purkinje 
ftbers takes place, for it is very doubtful whether the ventricu- 
lar blood can supply sufficient nourishment to keep the sensi- 
tive neuromuscular tissue alive. This does not, however, 
express itself necessarily in arrhythmias, since there is adequate 
and ample interanastomosing of the neuromuscular tissue 
within the chambers to supply and make up for gaps. On the 
other hand, rt will be shown in Chapter VIII that the nutri- 
tion of the innermost layer of heart wall varies considerably in 


its supply with the age of the tndividual, becoming much 
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richer and better able to stand arterial obliteration as age 
progresses. 

This has apparently been recognized to a certain extent 
by Haas, for in a case which he cites, where there was an 
atheromatous obliteration of the ramus septi ventriculorum 
superior with anemic infarction of the posterior portion of the 
septum and adjoining part of the left ventricle, the subendo- 
cardial musculature was intact. This, he explains, was due 
either to plentiful blood supply to this layer, or to nourishment 
from the blood contents of the ventricle. 

Finally, Moenckeberg had already concluded that variabil- 
ity must exist in the blood supply to the heart and conse- 
quently in the original source of blood to the neuromuscular 
structure, for he observed that blockage of the same part of a 
coronary artery produced, in different hearts, different results 
in the bundle. This conclusion is amply supported by the 
variations which are desertbed in Chapter II. 


CHAPTER V 


THe BLtoop Suprrty To THE HEART VALVES AND 
irs RELATION TO THE INFLAMMATIONS OF 
THE VALVES 


I'TH the possible exception of the chapter dealing 
with the existence of anastomoses in the heart, 
no part of cardiac vascular morphology has been 

the subject of so much controversy as that on the blood supply 
to the valves. 

Apart from its anatomical interest, Késter’s acceptance of 
the existence of blood-vessels in valves as a basis for his theory 
of embolic endocarditis has brought additional importance to 
this question and has precipitated two distinct schools of 
thought. One of these denies the existence of vessels innormal 
valves and holds with Riihle that endocarditis! is caused by 
adhesion of bacteria from the main blood-stream to the valves. 
The selection of the closing edge as the usual primary seat of 
the lesion is, according to this opmion, due to the fact that the 
valve is here exposed to the greatest mechanical compression 
during diastole and systole, in the case of semilunar and auricu- 
loventricular valves respectively. This, perhaps, together with 
a greater phagocytic power of the cells in this locality, accounts 
for the great frequency of endocarditis at this site. The other 
school claims that blood-vessels normally exist in valves and 
that bacterial emboli lodge in the site of greatest constriction, 

1The endocarditis referred to in this chapter is the valvular variety. 


28) 


54 HES BLOO DES URE Ys On BRE sre Aa 


namely, where the delicate capillary arborizations take place 
at the closing edge; here, therefore, a septic focus with inflam- 
mation, rapid involvement of the overlying endocardium and 
thrombosis occurs. 

Luschka was the first to claim that auriculoventricular as 
well as semilunar valves were vascularized. He stated that the 
semilunar valves recetve their blood supply from the vasa 
vasorum as well as from the richly vascularized endocardium 
and that the auriculoventricular valves recetve their blood 
supply from the attached edge as well as from the papillary 
muscles, through vessels which run along the chordae tendineae. 
He described these vessels as forming an arterial network in the 
main portion of the valve leaflets, accompanied by veins, and 
breaking up into more delicate strands which eventually 
end as capillaries at the closing edge. He also correlated the 
frequency of endocarditis on the aortic leaflet of themitral 
valve with the relative ease with which blood-vessels can be 
found in this situation. 

Rokitansky, Virchow, Joseph, and later Cadiat opposed 
these views, whereas Gerlach, Forster, Kélliker and Rosen- 
stein confirmed them. 

A third group, represented chiefly by Sappey, Frey, 
Henle and Coén arose, who stated that blood-vessels exist tn 
the auriculoventricular valves, but not in the semilunar cusps. 

Langer modified this view in pointing out that blood- 
vessels exist in those valves where muscle fiber remains are 
to be found. 

This was followed a year later by Darier whose conclusions 
are in part as follows: 


(a) There never exist any vessels in the fibro-elastic part of the auriculo- 
ventricular valves. 
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(b) ‘The valves of the tricuspid and the left mitral leaflet are, as a rule, 
entirely fibro-elastic; the aortic leaflet of the mitral valve presents vascu- 
lature only in its upper part, generally not more than one-sixth of its 
length. 

(c) In newborn children, one sees muscular bundles penetrating more 
or less to the fore in all auriculoventricular valves. 

(d) In pathological changes in the valves, vessels are seen throughout 
the entire extent of the semilunar, tricuspid and mitral valves. 

(e) These vessels seem to be the result of inflammations. 

(f) Those writers who have succeeded tn injecting the vascular network 
of the aortic and mitral valves have obtained pathological appearances. 

(g) The valvular hematomata found in the newborn appear coincident 
with the processes of regression of vessels which occur in the valves during 
the fetal period. 

Darier’s conclusions have here been stated somewhat tn 
detail, for in the subsequent discussion they acquire import- 
ance. 

Odinzow later confirmed the results of Langer and Darier 
and these were again accepted by Kéniger. 

Recently, Nussbaum has described a tortuous vasculature, 
which extends about 3 mm. from the base of the auriculo- 
ventricular valves into the leaflet, but no farther. He was 
unable to demonstrate blood-vessels in the semilunar valves. 

In 1917 Bayne-Jones injected 14 human hearts: 6 from 
the first decade of life, 2 from the second, 2 from the third and 
4 between the ages of thirty and sixty. 

Out of these 14 hearts he was able to obtain a fairly 
complete injection in 3. In some of the others only trregular 
groups of vessels were seen which branched into delicate 
arterioles extending to the line of closure of the valves. 

A description based on the three most completely injected 
hearts shows that the mitral and tricuspid valves receive a 
distinct vascularization from delicate twigs which arise from the 


annular branches of the right and left coronary arteries, and not 
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from vessels extending fromthe auricular musculature. The blood- 
vessels extend to the line of closure, where they form abundant 
anastomoses. Only occasionally do small vessels pass from the 
line of closure to the free edge of the valve. 

In the upper portions of the valves Bayne-Jones was able to 
demonstrate veins which showed characteristic differences from 
the arteries: 

The chordae tendineae showed blood-vessels which reached 
almost to the insertion into the valves, but never, in the human, 
actually passed on to the valve. 

Bayne-Jones also succeeded in injecting 3 aortic and more 
pulmonary valves. The source of blood supply to these corre- 
sponds to the description already given by Luschka. The tnjec- 
tion extended usually from the base of the cusp half-way to the 
edge. A few tiny vessels could be seen at the line of closure. 

With all this conflicting evidence, therefore, it Is not 
strange that there should be much dissension, and that some 
should claim, as does Darier, that blood-vessels exist only 
where there has been inflammation, and others, that blood- 
vessels occur mn perfectly normal valves, and that the idea of 
their non-existence 1s due to the mability of the observers to 
demonstrate them. Bayne-Jones, in fact, believes that technical 
difficulties account for most of the failures. He insists that the 
heart must be kept until rigor mortis passes off; that all cut 
edges as well as venous exits must be tied off; and that injec- 
tion with a fine gelatine must be carried on at a pressure of 
from 160-190 mm. Hg to obtain satisfactory results. 

It can easily be seen that the conception of the existence 
of blood-vessels in valves is essential to the theory of embolic 
endocarditis. 

Finally, there is the third group to consider, represented 
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by Langer and others, who claim that blood-vessels occur in 
those situations where muscular remains persist. 

From the experiments carried on by the author, as well as 
from a different interpretation of the literature on this ques- 
tion, it seems that each of these conflicting views is correct 
if taken in part, and that they can all be coordinated into a 
logical and reasonable explanation for the genesis and mech- 
anism of at least many cases of acute valvular endocarditis. 

As Tandler states, since Kiirschner’s description of the 
musculature found in the valves of human hearts, numerous 
investigators have followed with descriptions and studies of the 
frequency of occurrence of this tissue in the valves, of its 
relation to the age of the individual, and of tts source from auri- 
cle or ventricle. 

It seems quite clear that the auricular musculature which 
Is quite abundant in fetal valves; becomes less so as the in- 
dividual grows older. In children, as Langer, Darier, Manzone 
and Odinzow have shown, the musculature ts still relatively 
abundant, but with beginning adolescence even this disap- 
pears and eventually, with few exceptions, the valve is ren- 
dered muscle-free. But these exceptions are of prime interest. 
One finds in these, bundles and columns of musculature which, 
in some cases, are relatively abundant and still mamtain their 
original connection with the auricular musculature; m others, 
exist as isolated delicate strands. 

The ventricular musculature is apparently much less 
important in this connection. 

Langer’s painstaking and accurate observations as to 
the coexistence of blood-vessels with this musculature is 
supported by numerous investigators. The fact that blood- 


vessels are found most easily towards the base of the valve 
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where the main mass of musculature exists, has been amply 
corroborated recently by Nussbaum and by the author. 

The blood-vessels, moreover, become obliterated, lose 
their continuity with their main source (vessels which arise 
from the ramus circumflexus sinister and dexter as well as 
from the superior rami interventriculares), become blood- 
containing spaces (which perhaps accounts for the valvular 
hematomata so frequently found at birth) and eventually 
disappear. 

This regression of blood-vessels proceeds hand in hand 
with the regression of the musculature; in fact, as Odinzow has 
pointed out, the musculature may entirely disappear before the 
vessels. In children where the muscular regression Is incomplete, 
blood-vessels frequently persist. 

If the literature on the mechanism of acute valvular 
endocarditis 1s now reviewed in this light, one is at once 
struck with the fact that the occurrence of endocarditis bears 
a strikingly close relationship to that of the existence of 
musculature and of blood-vessels in valves. This becomes 
even more striking when the incidence of endocarditis is 
considered from the point of view of the frequency with which 
it occurs on the left and right sides as well as on the individual 
valves and cusps. 

In the fetus, where the valves, in keeping with the muscula- 
ture, are undoubtedly better vascularized on the right side of 
the heart, endocarditis is much more frequently found on the 
right side than on the left. 

In children, where the complete regression of vasculature 
has not yet occurred, endocarditis 1s relatively frequent. 

Finally, in adults, the most frequent seat of endocarditis 
is the aortic cusp of the mitral valve, the very leaflet which 


Fic. 9.—Photograph of injected specimen, showing the blood supply to the 
aortic cusp of the mitral valve which is the seat of an acute endocarditis. 
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Fic. 11.—Photograph of the pulmonary valve from the same heart as in Fig. 9. 
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Fic. 12.—Photograph of the aortic valve from the same heart as in Fig. 9, 
showing the blood supply to the cusps. 


5 65 


THE BLOOD SUPPLY TO THE HEART VALVES 67 


Langer has already shown to be the last to lose its musculature, 
and which, as so many observers have found and the author’s 
injections have entirely corroborated, is the most usual site of 
complete injection. 

That practically all cases of acute valvular endocarditis 
show a well-developed vasculature seems certain. The author 
has not yet failed to demonstrate it in such cases. These 
vessels cannot be, as Darier claimed, entirely secondary to the 
inflammation, for they are quite orderly in arrangement, 
possess veins and bear no resemblance to granulation tissue. 
Moreover, their capillary terminations extend to the closing 
edge of the valve when this is the seat of the lesion; and it is 
rather forced to assume that granulation tissue extends through 
the whole of so large a valve as the aortic leaflet of the mitral, 
to the terminal edge in order to supply the seat of bacterial 
adhesions with a well-organized vasculature. 

Figure 9 shows a typical tnjection from such a case. It will 
be seen that several delicate vessels descend from the insertion 
of the aortic cusp of the mitral valve at its base. The most 
anterior of these twigs arise from the first portion of the 
ramus circumflexus sinister; the posterior branches, from the 
uppermost rami interventriculares. Descending to about the 
middle of the leaflet, they anastomose tn the form of an arch, 
from the convex border of which numerous interlacing and 
interanastomosing arborizations are given off. (This 1s even 
better seen in the cleared specimen.) Towards the closing 
edge of the valve, where the fungoid vegetative lesion Is seen, a 
final capillary breaking-up occurs to supply richly this site. 

The posterior cusp of the mitral valve shows no vasculariza- 
tion but is the seat of apparently more recent thrombotic 


vegetations which extend up the wall of the left auricle. 


68 THE BLOOD SUPPEY TOstnE one AR 


The tricuspid (Fig. 10) as well as the pulmonary- valve 
(Fig. 11) are free from endocarditis and show no vasculature. 
The aortic valve, however, shows in ‘all three cusps, vessels 
which extend from the base to the middle (Fig. 12). In this 
connection, It Is very interesting to find that, in this specimen, 
the aortic valve, which ts so frequently the seat of an endo- 
carditis following a mitral lesion, should show a vasculature, 
and one wonders whether, if this patient had lived [ong enough, 
an endocarditis would not have occurred here. 

Normal valves can certainly be mnjected, but only excep- 
tionally. The author has succeeded in injecting the mitral 
valve in about 6 per cent of normal hearts which, however, 
represented all age periods from birth to the nmth decade of 
life. Figure 13 shows such an injection; in this case only the 
aortic leaflet of the mitral valve showed vasculature. The 
course of the vessels is very much the same as that found in 
the case of endocarditis. 

When a complete injection of all the valves is obtained, it is 
found that the posterior cusp of the mitral receives its blood 
from the terminal portions of the ramus circumflexus sinister 
and dexter, and that the tricuspid valve receives its blood from 
the ramus circumflexus dexter as well as from the superior 
rami interventriculares, according to the position of the leaflets. 
Where the ramus circumflexus sinister extends beyond the 
crux, the posterior leaflets of the mitral and tricuspid valves 
receive their blood from this vessel. 

The frequency with which these valves can be injected 
depends upon the age of the tndividual. It will be observed 
that out of the 14 carefully selected human hearts which 
Bayne-Jones myected, 10 belonged to the first thirty years of 
life, and of these again 6 were from the first decade; in spite of 


Fic. 13.—Photograph of injected specimen, showing the blood supply to 
the aortic leaflet of a normal mitral valve. 
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this, he was able to inject fairly completely, only 3 cases. It is 
the author’s belief that the other cases could not be injected 
because vessels did not exist. In fact, the frequency with which 
he succeeded in these cases is due to the fact that in young 
hearts, where muscular remains still occur fairly frequently, the 
vasculature Is persistent in the same ratio. 

In the hearts which the author injected, every possible 
precaution was taken to eliminate artefact and to ensure a 
perfectly standardized injection. Each heart was subjected 
identically to the same procedure as described in Chapter I. In 
spite of this, only about 6 per cent of the hearts showed valvu- 
lar injection, and of these, the aortic cusp of the mitral valve 
was the most frequent seat. 

Dr. M. Notkin examined in our laboratories microscopI- 
cally and im serial section the valves which showed no injec- 
tion and was unable to demonstrate in them any blood-vessels 
or capillaries, thus substantiating the conclusion that these 
valves showed no Injection because vessels were non-existent. 

If the foregoing facts are now arranged in orderly form, one 
may begin with the following premises: 

1. Fetal valves contain musculature on right and left 
sides, the right probably being richer in blood-vessels. 

2. Fetal valvular endocarditis 1s found more frequently 
on the right side. 

3. Regression of musculature and blood-vessels occurs as 
age advances, but infant’s valves still frequently contam both. 

4. Infants are frequently attacked by valvular endocarditis. 

5. In adults, valvular endocarditis is not as frequent as in 
children but occurs with preference on the aortic cusp of the 
mitral valve. 

6. The aortic cusp of the mitral valve is the last to show 
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regression of musculature and the most frequently injected 
leaf. 

7. Practically all cases of valvular endocarditis show a 
distinct vasculature. 

8. Relatively few normal heart valves show in the adult a 
vasculature, the frequency being somewhat greater than the 
occurrence of persistent muscular strands. 

To these may be added: 

g. Hearts which show congenital anomalies, arrests in 
development, very frequently show also an endocarditis, and 
this, moreover, is more frequently the case on that side and at 
that location where the arrest of development Is seen, particu- 
larly where this bears a close association with mterference 
with the embryonic valve anlage. In such cases one would 
expect perversions and arrests of normal vascular regression on 
the same side. 

This view ts lent considerable support by a study, very 
kindly made for the author by Dr. Maude E. Abbott, on the 
incidence of acute endocarditis in 581 congenital cardiac 
defects. The followmg is a short excerpt in table form from 
these cases: 


Number Acute 
of Cases — Endocarditis 
Anomalous Septa 
In left auricle 


ee Be Ree re 7 0) 
leh rage sqceubinns (om eer ane 7 eRe Ae tc a a 3 I 
lgvenbriclessy-c seen eat ee. £ eee the 2 0) 

Defects of Auricular Septum 
Patent foramen ovale soy, o. os oaee eG 19 
High auricular septal defect. ............ 9 0) 
Low auricular septal defect.............. £2 4 

Defects of Interventricular Septum 
Defeetsat base. 2c aru eee ee 34 9 
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(The four cases of acute endocarditis occurring in the low auricular 

septal defects with persistent ostium primum and consequent cleavage 

of the anterior segment of the mitral valve, presented vegetations on the 

valves of the left side.) In this group, the close relationship between the 

occurrence of acute endocarditis and defects which involve the region of 
the auriculoventricular valve anlage, is of considerable significance. 


Number Acute 
of Cases Endocarditis 
Cor Bulocularesand, Triloculare.. 5.2 ..ced5:- 23 ) 
Defect of Aortic Septum 
Complete defect (persistent truncus)..... 13 ) 
Partial defect (with defect of ventricular 
SEP OUI PRUE ee Geis eck ee ts cra NO I I 


Here it is found that a complete absence of septum formation is not 
associated with the occurrence of acute endocarditis. In the cases, how- 
ever, where there was an aborted attempt at this formation, endocarditis 
was found, 


Number Acute 
of Cases Endocarditis 
LU MOMVOTN TOLENOSIS © 8 Boss Miho he ey BE a Sls 82 or 
eUUUONG eA ESIC tut Shc Sihe Me 2) oA en ee 24, I 
i DOOTICMIIEROS(Sa, ns. Miss da ocean ret 8 3 (on left 
side) 
VADNPLE BODO MOSISS pee Neat necee snd oa hens. de Hee 6 0) 
AOnLUCHA LIES TO ty rai eis Lins eae tal SU, 3 ) 
MMA CUS DU OTEMOSTS at ee fete, Hn 2h he ohn 2g oe 2 ) 
METACUS DUG WAIT ESUCR Ae. ens edad ow 10 2 
VICES VENOUS Meee Soe eee es RY eee I ) 
TAGE ALTE SUC epee Ot Le oyna ra en Pook s 3 3 ) 
Anomalies of Auriculoventricular Valves....... 12 0) 


Although not so suggestive, these figures indicate the importance of 
defects which produce stenosis, in connection with endocarditis, and 
emphasize the frequency with which this occurrence is on the right side. 


Other cases are considered which, though not so pertinent 
to this question, indicate, nevertheless, that the anatomical 
factor of narrowing vasculature, which may indeed be second- 
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ary to a wear-and-tear scarring process, is intimately asso- 
ciated with the occurrence of endocarditis. 

It would appear from these premises that only a certain 
percentage of postnatal hearts contain persistent fetal vas- 
culature of valves and that valvular endocarditis may be 
caused by embolization of bacteria in these persistent vessels. 
But as this persistence is, fortunately, relatively infrequent, 
it follows that the incidence of valvular endocarditis, resulting 
from an embolizing bacteriemia due to organisms which are 
causative agents of this disease, will bear a relation to the 
frequency with which blood-vessels are found in the valves. 
It would, therefore, be important to obtain figures of this 
incidence at different age periods in relation to the occurrence 
of blood-vessels in the valves. This figure, it 1s believed, would 
probably represent very closely the proportion of cases of 
endocarditis. 

Just as an individual in whom other fetal structures 
persist, is exposed to the possibility of thetr disease, so, It Is 
the author’s opinion, the individual, whose valvular vascu- 
lature has not undergone regression, 1s liable or predisposed 
to a valvular endocarditis. 

If endocarditis were caused only by bacterial adhesions 
to the closing edge of a valve where compression is greatest, 
it does not seem quite clear why the aortic cusp of the mitral 
valve should be the most frequent to suffer. Nevertheless, 
it is not the author’s intention to deny the possibility of 
valvular mfection by way of the main blood-stream, as indeed 
It seems to occur in parietal endocarditis (toxic form as shown 
by de Vecchi, or bacterial form, by Ribbert), but it appears 
desirable to emphasize that in view of the considerations pre- 
sented above, it 1s probable that an individual who has 
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persistent valvular blood-vessels is certainly additionally 
exposed to endocarditis. Here the compression at the edges 
would serve as still another factor, besides the narrowing of the 
blood-stream, for precipitation of bacterial clumps. 

The heart valves are peculiar in that they are the only 
structures in the body which undergo periodic compressions 
by a force equal to the weight of approximately 100 mm. Hg 
and over. Moreover, these compressions, according to 
Howell, occur seventy times a minute and last 0.379 second 
in the case of auriculoventricular valves, and 0.483 second in 
the case of semilunar valves. In other words, the capillaries in 
the edges of the auriculoventricular valves are compressed 
for 10.612 hours during the day, and those of the semilunar 
valves, 13.524 hours. This would afford an excellent oppor- 
tunity for the arrest and development of pathogenic bacteria. 

It may be argued that the incidence of endocarditis in 
certain infections, such as rheumatic fever, is so common that 
the relative infrequency of persistent vasculature in valves Is 
here of little importance. But this objection loses much weight 
in the light of stricter criticism, for hospital statistics are 
no indication of the relative proportion of the occurrence of 
endocarditis in rheumatic fever. Moreover, Osler’s statement 
and general clinical “experience, that the insusceptibility to en- 
docarditis diminishes as age advances, are strongly suggestive 
of the influence of age on the regressive anatomical changes in 
the valvular vasculature. 

It must also be borne in mind that other factors besides 
the mechanical may enter into the occurrence of an endo- 
carditis; for, whereas certain bacteria may require compression 
for settlement and action at the closmg edge of a valve, 


other, perhaps more virulent, organisms may be enabled 
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to localize and set up inflammation in a part of a vessel 
not submitted to this mechanism. Thus, ulcerative endo- 
carditis is known to arise relatively frequently in other por- 
tions of the endocardium and in the valve leaflet. Here, the 
fact that occasionally the valvular vessels terminate before 
reaching the edge, may serve as a focus of bacterial arrest. 
This was well illustrated in several typical cases recently 
myected by the author. 

Finally, through lack of sufficient material the author 
unfortunately cannot give accurate statistics from his own 
observations on the frequency with which valves can be 
injected during the different age periods, but it would be of 
great Importance to obtain exact information in regard to 
the percentage of successful injections In Increasing age, for It 
appears probable that the latter would be accompanied by a 
decreasing percentage. 

Those who have attempted to inject blood-vessels in 
valves have, therefore, failed in a great many instances, 
not only on account of an mperfect technique, but doubtless 
also because of the normal evolution of heart valves which in 
adult life usually causes a complete disappearance of vessels. 


CHAPTER VI 
THe ANASTOMOSES BETWEEN THE CORONARY ARTERIES 


VEN though the question as to the existence of anas- 
tomoses between the coronary arteries has been the 
subject of long controversy and discussion, It can now 

with certainty be stated that, to this at least, a final answer 
has been given. 

The question of anastomoses resolves itself into three 
groups: 

(1) Do anastomoses exist between the right and lIeft 
coronary arteries both in their capillary and precapillary 
distribution? 

(2) Do anastomoses exist between branches of each 
coronary artery? 

(3) Do anastomoses exist between the coronary arteries 
and vessels of the adjacent and attached organs? 

The sources of information on these questions have been 
extraordinary both in the number of contributors and investi- 
gators, as well as in the methods employed for its elucidation. 

The following classification shows how varied were the 
factors which the different observers employed singly and in 
combination in these investigations: 

(a) Dissection. 

(b) Experimental tying-off of coronary arteries or their 
branches, chiefly in dogs, to determine, by evidence of mfarct 
formation or rapidity with which heart stoppage occurred, the 


existence or non-existence of anastomoses. 


-- 
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(c) Injection of colored gelatines into both arteries. 

(d) Injections of a colored gelatine into one coronary 
artery to see whether It passes out of the other. 

(e) Serial section and reconstruction of injected specimens. 

(f) Injection of metals with subsequent corrosion. 

(g) Injection of gelatine suspensions of heavy salts with 
subsequent roentgenography. 

(b) Injection of colored gelatines with clearing of the 
remaining tissue. 

(1) Examination and dissection of pathological specimens 
showing obliteration of branches. 

(7) Observation of clinical cases with, frequently, autopsy 
examinations. 

To these, the author has added: 

(k) Injection of vessels with a gelatine suspension of a 
heavy salt by a special technique which standardizes all 
mechanical factors. This is followed by stereoscopic roentgen- 
ography of the organ, clearing, dissection and microscopic 
section. Normal as well as pathological hearts were used for the 
purpose. (See Chapter I.) 

The first historical experiments on the effect of tying-off 
a coronary artery in a dog were those made by Chirac in 1608. 
These, however, threw no light on the question of anastomoses, 
since the only observation made by him was that the heart 
ceased beating. 

It was not until 1708 that Thebesius, followed later by 
Haller, Morgagni and Sénac, on the basis of careful dissections, 
came to the conclusion that anastomoses exist between both 
coronary arteries. Haller stated that these were quite rich and 
occurred with frequency at the root of the pulmonary artery, 
in the posterior sulcus longitudinalis, in the right ventricle. 
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at the apex of the heart, on the surface of the ventricles and 
through the vasa vasorum of the great vessels. 

In 1799 Parry and Jenner (cited by Parry) first interpreted 
the clinical syndrome known as angina pectoris as due to cal- 
cification of the coronary arteries and the autopsy findings on 
John Hunter’s heart, after Jenner had diagnosed his condition, 
corroborated this view. 

In 1810 Caldant’s dissections revived the claim that anas- 
tomoses exist, particularly at the root of the pulmonary 
artery. Cruveilhier again described wide anastomoses between 
both coronary arteries as well as with bronchial arteries. 

In 1842 Erichsen published his results of experimental 
ligature of coronaries in anmmals and concluded that “any 
circumstance that may interfere with passage of blood through 
the coronary arteries either directly, as in ossification of the 
coats of those vessels, or indirectly, by there not being sufficient 
blood sent out of the left ventricle as in cases of extreme 
obstruction or regurgitant disease of the aortic or mitral valve, 
may occasion the fatal event.” 

In 1855 Hyrtl, on the basis of myjection and corrosion 
experiments, categorically denied the existence of anastomoses 
between the coronary arteries and this was confirmed in 1866 
by Henle, who stated, however, that capillary anastomoses do 
occur. 

Krause was the first to oppose the views of Hyrtl, but 
meanwhile Béraud had found that anastomoses exist between 
the coronary arteries and vessels from adjoining organs. 

Panum, von Bezold and Breymann and later Samuelson 
again experimented with dogs and were able to confirm Erich- 
sen’s conclusions. 


In 1880 Langer showed that anastomoses exist between 
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the coronary arteries and those of the pericardium and, through 
these, with the arteriae mammariae internae. He showed 
further that by means of the vasa vasorum of the pulmonary 
artery, connection also takes place with the bronchial arteries 
and, through branches from the auricles, with the diaphragm. 

In 1881 Cohnherm and A. von Schulthess-Rechberg 
reported their experiments on the clamping of coronary arteries 
in curarized dogs. Their conclusions, which profoundly in- 
fluenced the opinion of future observers and which are still 
being held by some, were, that clamping of either main coro- 
nary artery caused the ventricles to stop in diastole within 
two minutes. They accordingly argued that the coronaries 
were end-arteries, and that, if any anastomoses exist, they 
must consist of fine capillaries. 

This was later confirmed by G. Sée, Bochefontaine and 
Roussy, Bettelhetm and Kronecker. The ligature experiments 
thus far made, together with injections carried out by Dragneff, 
Zimmerl and Bancht which again confirmed Hyrtl’s work, 
helped to lend much support to the opposers of the view that 
anastomoses exist. 

It was not long, however, before a great many observers, 
notably McWilliam, Fenoglio and Droguell, Bickel, Kélster, 
Tigerstedt, von Frey and Porter, after performing very care- 
fully numerous ligation experiments in dogs, came to 
conclusions opposed to those of Cohnhem and von Schulthess- 
Rechberg. In general, they held that many of the Iatter’s 
results were due. to the trauma of the operation, and that 
tying-off branches and even a main coronary artery does 
not necessarily [ead to instantaneous death. In 1892 Kélster 
gave an accurate description of the processes of infarct forma- 
tion and healing by scarring. 
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This opposition, moreover, further gained strength by the 
collection and description of numerous clinical cases and 
pathological material by Samuelson, Huber, Aschoff and 
Tawara, Huchard, West, Chiari, Pagenstecher, Engelhardt, 
Thorel, Dock, Galli, Merkel, Osler, Krehl and, recently, 
Herrick. These observers were able to show that in the human 
heart, obliteration of coronary branches, and in some cases a 
main coronary artery, produced results which varied in the 
different cases from almost instantaneous death to those which 
experienced no symptoms and showed absolutely no clinical 
sign, the condition being recognized only at post-mortem 
examination following death from some intercurrent disease. 
Some of these observers, too, were able to make out by dis- 
sections distinct anastomoses. 

It now remained to describe exactly the location and 
appearance of these anastomoses and to explain why, if 
anastomoses exist, infarcts occur. 

In 1907 Jamin and Merkel elaborated and improved on 
Freyett’s method of radiographing injected coronary arteries 
and presented a stereoscopic radiographic study of 29 hearts 
whose coronary arteries were injected with a 10 to 15 per cent 
suspension of red lead in gelatine. They concluded that great 
individual differences exist in the anastomoses and that these 
are found most frequently in the auricle, interauricular and 
interventricular septum and, in special instances, on the 
anterior wall of the right ventricle, over the papillary muscles 
and the apex of the heart. In pathological specimens, the 
anastomoses were found especially in the interventricular 
septum and the anterior wall of the left ventricle. 

In the same year Spalteholz employed a chrome-yellow 


suspension In gelatine for injections with subsequent dehydra- 
6 
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tion and clearing in benzol and carbon disulphide. By this 
method he was able to obtain a reconstruction of the cardiac 
circulation which, on the whole, was vastly superior to any- 
thing hitherto obtained. 

Spalteholz’s conclusions are as follows: 

(a) No end-arteries exist in the heart. 

(b) Rich anastomoses occur in all layers of the heart and, through 
the vasa vasorum, on the great vessels. 

(c) In the thick muscle of the left ventricle, perpendicular vessels 
penetrate to anastomose under the endocardium. 

(d) The papillary muscles are particularly rich in anastomoses. 


(e) With growth, the appearance of vessels on the surface show a 
typical alteration. 


Hirsch performed a series of experiments on dogs in which 
he tied off the ramus descendens anterior and observed in- 
farct formation. In all normal cases, however, he found that 
the infarcted region was much smaller than the area of supply 
of the tied-off vessel. In one instance where the anmmal had 
previously lost much blood, the infarcted area corresponded 
with the entire musculature supplied by the vessel. A stmiar 
observation had already been made on the human heart by 
von Recklinghausen and Fuyinamt. 

In 1909 Miller and Matthews were able to prove that many 
of the fatal results obtained by Cohnheim, Fenoglio and 
Droguell, Porter, etc., were due to the usage of curare and 
morphia. By using ether as an anesthetic and employing 
strophanthus as a heart tonic, they obtained a mortality of 
only 8.7 per cent after ligation of the ramus descendens 
anterior of the left coronary artery. Even after tying off a 
main branch of the ramus descendens anterior, the animal 
would recover for a period varying from one to three months 


and ultimately die of acute cardiac decompensation. They 
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were, therefore, of the opinion that considerable anastomoses 
exist between both coronary arteries. 

In 1910 Amenomtya made a study of the blood supply to 
the papillary muscle and found only capillary anastomoses. 

In 1911 Nussbaum described direct connections between 
arteries and veins, made up of a single layer of endothelium 
possessing no muscular coats and lying in the subendocardium. 
He considered these as safety outlets for arterial blood when 
the pressure becomes too high. 

In Herrick’s clinical classification of angina pectoris 
(1912) one group of cases concerns patients who survived an 
obliteration of a coronary artery for a period of time which 
varied from days to weeks. All these occurred in individuals 
over fifty years of age. He was of the opinion that anastomoses 
exist and that the condition of the heart musculature and 
patency of the vessels played an important part in determiming 
the degree of compensation which can take place after obliter- 
ation. Gradual obliteration, he argued, allows the heart to 
adapt itself to the new conditions and allows collaterals to 
develop sufficiently to compensate. He suggested that the 
vessels of Thebesius might serve as accessory nutritive chan- 
nels in such cases. 

Finally, very recently Smith made an experimental study 
on the question as to the existence of anastomoses. By observa- 
tion on dogs, as well as interpretations of human material, he 
concluded for the following reasons that anastomoses exist: 

(a) Survival of dogs even after tying-off a relatively large vessel. 

(b) Variability of the lesion. 

(c) Relatively small size of the lesion. 

Thus, it cannot any longer be doubted that anastomoses 


exist between the branches of an individual coronary artery as 
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well as between branches from both sides. The dissections of 
Thebesius, Haller, Morgagni, de Sénac and Caldant, the experi- 
mental work by McWilliam, Fenoglio and Droguell, Bickel, 
Kélster, Samuelson, Tigerstedt, von Frey, Porter, Miller 
and Matthews and Smith; the clinical and anatomical obser- 
vations made by Samuelson, Huber, Aschoff and Tawara, 
Huchard, West, Chiari, Pagenstecher, Engelhardt, Thorel, 
Dock, Galli, Merkel, Osler, Krehl and Herrick, as well as the 
injection work of Jamin and Merkel, Spalteholz and Nussbaum 
have placed this conclusion beyond dispute. 

There is still, however, no accurate knowledge of the exact 
nature as well as architectural arrangement of these anasto- 
moses. The author has accordingly made a very careful study 
of this question by the methods described in the chapter on 
technique and has come to the general conclusion that the 
heart 1s perhaps the richest organ in the body as regards 
capillary and precapillary anastomoses between branches 
of the same coronary artery as well as between branches from 
both coronaries. The detailed architectural description has 
been left to this chapter since it represents a category in itself. 

Figure 24 shows a photograph of an injected and cleared 
specimen which illustrates beyond any dispute the abundant 
network of anastomoses at the root of the pulmonary artery. 
A constant arterial arch is found crossing the first part of the 
root. It corresponds to the venous arch seen in this locality. 
The first part of the aorta shows similarly extensive anasto- 
moses between the vasa vasorum which arise from each coronary 
ATLEh 

On the surface of the heart (Figs. 14 and 14 A) agood imjec- 
tion will show a very open anastomosis occurring between 
branches from the ramus descendens anterior of the left coro- 
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nary artery and those from the rami anteriores of the right. A 
similar, though usually less conspicuous, anastomosis occurs on 
the corresponding posterior surface between the rami marginis 
obtust and the rami ventriculares smistri posteriores of the 
right coronary artery. 

The interauricular and particularly the interventricular 
septum is the seat of very extensive and, in certain age periods 
(Chapter VIII), very wide anastomoses. 

So far as communication between smaller vessels of the 
heart 1s concerned, the auricular walls and appendages, as well 
as the ventricular walls throughout, are the seat of very 
abundant anastomoses and interanastomoses between branches 
from both coronaries as well as between branches from each 
coronary artery. To this may also be added the anastomoses 
which occur between the vessels which supply (when this 
occurs) the valve leaflets (Fig. 13). 

Figure 5 shows the very complex and complete anastomosis 
of small vessels, which takes place beneath the endocardium of 
the ventricular walls and papillar muscles and within the 
musculature of the latter. 

Capillary anastomoses are very numerous and rich and 
can be seen In any portion of cardiac musculature. 

Finally, an important factor in anastomoses and one which, 
as will be seen in Chapter VIII, assumes, particularly in the 
later age periods, considerable functional significance, 1s that 
which occurs between the artertae telae adiposae cordis, those 
vessels which lie in the fatty tissue under the visceral pericar- 
dium. The author has traced these vessels into the auricular as 
well as ventricular musculature and has found distinct anasto- 
moses between these and branches from the coronary arteries 


and vasa vasorum. 


Fic. 14 A.—An enlargement from Fig. 14. 


Fic. 14.—Photograph of myjected and cleared specimen, showing the 
anastomoses on the anterior surface of the heart. 
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Lastly, the author has found distinct connections between 
the coronary arteries and the vessels in the parietal pericar- 
dium, so that this, together with Langer’s observations as to 
the existence of anastomoses between the coronaries and 
branches of the bronchial arteries, arteriae mammariae 
internae and those of the diaphragm, render beyond dispute 
the fact that distinct connections exist between the cardiac 
vasculature and that of the adjacent organs. 

If one now turns back to the first questions with which the 
discussion on this chapter was opened, it is found that the 
following statements can safely be made: 

(a) Anastomoses exist between the right and left coronary 
arteries both in their capillary as well as _precapillary 
distribution. 

(b) Anastomoses exist between the branches of each 
coronary artery. 

(c) Anastomoses exist between the coronary arteries and 
vessels from the adjacent and attached organs. 

(d) Anastomoses in the heart are universal and abundant. 

The question which now arises 1s how to explain, on this 
basis, the formation of infarcts, for it has been shown that end- 
arteries, in the anatomical sense of Cohnheim, do not exist m 
the heart. 

Pratt has formulated a definition in which he includes, in 
the category of functional end-arteries, that vascular structure 
in which the resistance in the anastomotic area Is greater than 
the pressure in the different vessels. To a certain extent only 
do the anastomoses of the heart fall under this definition. 

It has been stated that Hirsch found in his experimental 
work on dogs, and this has been confirmed by von Recklinghausen 


and Fujinami as true for the human heart, that in normal 
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hearts the infarcted area is smaller than that supplied by the 
obliterated vessel. When, however, the pressure in the blood ts 
lowered or perhaps when the blood is rendered poorer in its 
composition, the infarct corresponds completely to the area 
supplied by the vessel. This occurred in one dog upon which 
Hirsch experimented. 

Hirsch concluded from these experiments that infarcts 
can occur In the heart, despite the anastomoses, because the 
heart is always functioning. He believes further, that the 
direction and extent of the anastomoses, the structure of the 
vessels, the heart strength and the time and duration of the 
obliteration are Important factors tn this connection. 

Amenomiya concluded from his study of infarcts occurring 
in papillary muscles that for an tnfarct to occur It Is necessary 


to have: 


(a) Too little anastomoses. 

(b) Closure of relatively large vessels. 

(c) Rapid blockage of the vessel. 

It is whee the case that the mfarcted area is situated 
on the inner aspect of the heart (Smith, Oppenheimer and 
Rothschild), but it is occasionally found that the infarct occurs 
in the outer side of the wall, leaving the inner surface intact. 
This variability suggests that either other factors besides the 
anatomical construction can dictate the occurrence or non- 
occurrence of infarcts, or that the anatomical structure is 
fluid, or both. 

Spalteholz, Galli and the author (Chapter VIII) have found 
cases where complete and almost complete obliteration of a 
coronary artery have produced no lesion in the myocardium. 

The age of the individual ts of prime importance in this 
connection, for as will later be shown, the older the individual, 
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the more free and patent are the anastomoses. An old heart, is 
therefore much more prepared to receive with relatively little 
or no damage, the brunt of a sudden obliteration of a nutrient 
vessel. 

Moreover, as Herrick has stated, a gradual obliteration 
of a vessel allows time for the existing anastomoses to widen 
and compensations to take place. Here the arteriae telae 
adiposae are of considerable importance, more especially 
mn the heart of older individuals. 

The occurrence of an infarct on the outer rather than on 
the mner aspect of the heart, as in a case shown to the author 
by Dr. Rothschild, was undoubtedly due to the fact that here 
the subendocardial anastomoses were rich enough to supply 
the anemic area. 

If the foregomng facts, therefore, are summed up, It can 
be concluded that in the ordinary course of events and in the 
average young adult’s heart, the intricate systems of anas- 
tomoses are all in active function and are not prepared to act 
suddenly as entirely adequate compensatory agents. Never- 
theless, when vascular obliteration takes place, a certain 
amount of compensation does occur, so that the infarcted 
area is smaller than the region supplied by the obliterated 
vessel, the remaining portion receiving sufficient nutrition 
from the anastomoses. Moreover, if the obliteration ts gradual 
and the circulation good, sufficient dilatation of the anastomos- 
ing vessels can occur to preserve considerable, if not all, of 
the musculature. When the obliteration occurs In a relatively 
older individual’s heart, the patent and free anastomoses, as 
well as the well-developed arteriae telae adiposae, can often 
amply supply the affected area so that the myocardium can be 


completely spared. 
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Thus, it is seen that in the determination of infarct forma- 
tion, besides the factors of size of the obliterated vessel, its 
location, the duration and rapidity of the obliteration, the 
condition of the general circulation and that of the heart 
musculature, another very Important one must be added— 


namely, the age of the individual. 


CHAPTER VII 
THE VEINS OF THE HEART 


N account of their rather complicated embryo- 
genetic development, the veins of the heart are 
prone to considerable variation. 

As in the case of the arteries, a description will here be 
given of the venous structure in the average heart (Fig. 15) 
and this will be followed by a short discussion on the variations. 
To render the latter somewhat more comprchensible, a brief 
description of the embryogenesis of the heart veins. will 
precede the description of the variations. 

The veins of the heart can be divided conveniently into: 


(A) Venae magnae cordis. 
(B) Venae parvae cordis. 
(C) Venae minimae Thebesii. 


A. VENAE MAGNAE CORDIS 


The term Venae magnae cordis has been chosen as a 
convenient category for the largest veins of the heart. This 
must not be confused with the vessel which encircles the left 
auriculoventricular furrow to empty into the sinus coronarius 
and which ts called by some vena magna cordis. The author 
feels that the term Vena coronaria sinistra is much more 
suitable for the latter, and one less open to confusion. 

Sinus coronarius. The first great vein which ts to be 
considered is the Sinus coronarius. It really serves largely 
as a collecting receptacle for blood poured into it from the 
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remaining large veins of the heart, and which it In turn 
transmits to the right auricle. 

There has been considerable dispute as to whether the 
term Sinus coronarius should include only that portion of the 
vein posteriorly which is covered by musculature (Reid, 
Marshall) or extend beyond this to limits defined by various 
observers (Portal, Winslow, Cruveilhier). As Tandler points 
out on the basis of Marshall’s embryogenetic classification, 
the most satisfactory boundaries are the valvula Thebesu 
proximally, and the valvula Vieusenii distally. It is usually 
surrounded tn its entire course by heart musculature. 

The sinus coronartus thus delimited lies in the posterior 
auriculoventricular groove and extends, usually as a short 
thick trunk covered with transverse musculature, from a 
point about halfway between the margo obtusus and the crux, 
to a point just to the left of the crux. 

Vena coronaria cordis sinistra. Opening directly into the 
sinus coronarius through the valvula vieusentt and continuous 
with it, is the Vena coronaria cordis sinistra. This is a large 
vein which tapers from Its origin as the continuation of the 
vena Interventricularis anterior at the junction of the auriculo- 
ventricular sulcus, becoming larger as it rounds the margo 
obtusus in the furrow to become eventually continuous with 
the sinus coronartus. 

Vena interventricularis anterior. This vetn commences 
usually at the lower third of the anterior interventricular 
sulcus in a wide anastomosis with the corresponding posterior 
vein. It ascends the sulcus in company with the ramus de- 
scendens anterior of the left coronary artery and, at the 
auriculoventricular sulcus, becomes continuous with the 
vena coronaria cordis sinistra. 


Fic. 15.—Roentgenogram of the venous distribution jn the average heart. 
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Vena coronaria dextra. Another constant vein which 
opens into the sinus coronartius, is the Vena coronaria dextra. 
This vem is rather slender, lies in the auriculoventricular 
furrow in the right posterior aspect of the heart and is often 
the direct continuation of the vena marginis acutt. 

Vena marginis acutt. This smaller vern commences on 
the lower third of the margo acutus as a distinct anastomosis 
with one of the terminal branches of the vena interventric- 
ularis posterior. It rounds the junction of the margo acutus 
with the auriculoventricular sulcus to become the vena coro- 
naria dextra. As will later be shown, it may also open inde- 
pendently mto the right auricle. 

Vena interventricularis posterior. This large and tapering 
vein commences in the lower third of the anterior interven- 
tricular sulcus. Anastomosing at Its origin with the vena 
interventricularis anterior, and recetving anastomotic twigs 
from the vena marginis acutt and venae marginis obtusi, it 
rounds the apex and ascends the posterior interventricular 
sulcus to empty into the sinus coronarius. 


Branches Which Enter the Venae Magnae Cordis 


Vena obliqua atrit sinistrt (Marshalli). Because it is of 
considerable embryogenetic interest and marks as well at its 
entrance the beginning of the sinus coronartus, the delicate 
auricular vein known as the Vena obliqua atria sinistri 
merits first description. This vein commences on the anterior 
surface of the left auricle and, proceeding between the two 
left pulmonary veins, courses diagonally downward and toward 
the right of the heart to empty into the sinus coronartus about 
the site of the valvula vieusenu. 


Venae ventricult sinistrt. These are very large veins which, 


‘ 


gs THE BLOOD-SUPPLY JO THE TIBART 


on the left side, carry blood centripetally from a point two- 
thirds down the margo obtusus as the center, to empty Into 
the venous ring formed by the Inking up of vena coronaria 
cordis sinistra, vena interventricularis anterior and vena 
interventricularis posterior. 

According to their situation they are called Venae ven- 
triculi sinistri posteriores, marginales or anteriores. 

Venae ventricul: dextri. On the right side, the venous 
chain is not so large and consists of the Imking up of vena 
marginis acuti, vena coronaria dextra and vena interventric- 
ularis posterior. 

Into this ring there course centripetally and empty, veins 
which are not so large as those found on the left side. These 
are known on the posterior surface of the right ventricle as 
Venae ventricult dextrt posteriores. Here they usually pursue 
a remarkably even horizontal course, parallel one to the other. 

Finally, in the mterventricular septum there are found 
numerous, large and richly interanastomosing veins which 
empty into the anterior and posterior venae interventriculares. 

The topmost of these empties into the vena interventri- 
cularis posterior. It accompanies the ramus septi fibrosi through 
the bundle and shows a wide anastomosis with a more delicate 
vessel which empties into the vena interventricularis anterior. 

There remains the description of the veins draining the 
anterior surface of the right ventricle. This is accomplished 
by two systems: (1) venae ventriculi dextri anteriores; 
2) venae parvae cordis. 

The Venae ventriculi dextri anteriores are transverse richly 
anastomosing veins which empty into the vena marginis 


and vena Interventricularis anterior. 
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It will be seen that the auriculoventricular sulcus is sur- 
rounded by veins in its whole circumference with the exception 
of that part which lies between the margo acutus and anterior 
interventricular sulcus. 

It is over this portion of the sulcus that the second group 
of veins, draining the anterior surface of the right ventricle, 
cross to empty directly into the right auricle. 

These consist of three or four relatrvely small veins which 
run parallel to one another and show wide anastomoses in 
their ventricular aspect. 

Two other venae parvae cordis deserve some special men- 
tion. One, which empties into the right auricle between the 
root of the pulmonary artery and the appendage, corre- 
sponds to the constant arterial arch already described at 
the junction of the conus with the pulmonary artery (Cru- 
veilhier) and anastomoses with a corresponding vessel which 
empties into the right auricle after draming blood from the 
roots of the aorta and pulmonary artery and adjacent portion 
of the right auricle (Zuckerkand)I). 

For the rest, a number of small auricular veins which 
empty for the most part into the vena coronaria sinistra and 
which show some correspondence with the auricular. arteries, 
constitute the remaining venae parvae cordis. 

Of the veins thus far described, the main trunks usually 
accompany branches of the coronary arteries and, in these 
cases, occupy a position beside them or lying upon them. 
The smaller ramifications may lie subjacent to the arteries. 
The deeper divisions of the veins differ from the arteries in that 


they do not form so regular a series of dichotomous branching 
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but course to the surface as somewhat tortuous, delicate, 
interlinking channels which join up at the surface and abruptly 
empty into the larger superficial trunks of the second and third 
order. At the apex, there is often seen a well-formed medusa- 
head whorl of delicate vetns which empty into the terminal 
branches of the venae interventricularis anterior and posterior. 
At the root of the aorta and in the subpericardial fat, a well 


formed structure of venae telae adiposae can also be formed. 


Cc. VENAE MINIMAE THEBESII 


It has-been seen that -with the exceptionsot the vena 
obliquaatru sinistri and the vein described by Zuckerkandl, there 
are practical 
I 


This lack is 


channels known as Venae Thebes according to their discoverer 


ly no veins of larger caliber dramimg the auricles. 


argely made up for by the existence of tiny venous 


Thebesius, who described them independently and unaware 
of the fact that Vieussens had already made known their 
presence. 

Their existence has been open to much discussion, having 
been confirmed by Winslow, Verheyen, Lancisius, Bochdalek, 
Henle, Hyrtl and others, and dented by Sénac, Zinn, Haller, 
Cruveilhier, Theile and Luschka. 

Bochdalek, moreover, proved their existence in both 
auricles and this was later confirmed by Langer. Those who 
denied the existence of these tiny channels as carriers of 
venous blood, held them to be blind diverticulae. Haller 
claimed that their function as veins meant admixture of 
venous blood with the arterial on the left side, which seemed 
improbable on physiological grounds. 

The openmgs of these channels, known as Foramina 


Thebesir are, however, very easily seen, particularly in the 
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auricles. That they communicate with the general venous 
system can readily be proved by injections. These experiments 
have been successfully carried out by Thebesius, Langer, and 
the author. Recently, the existence of venae Thebesii in the 
ventricles has been proved in a similar manner. This, however, 
has been denied by Nussbaum. 

‘These vessels can be divided into two types: (a) With very 
small openings, 1-2 mm. in width, which drain the capillaries 
in the auricles; (b) with larger openings, in which several sec- 
ondary openings can be seen, and which link up with large 
venous channels in the musculature and on the surface of the 
heart. 

The venae minimae Thebesii are very numerous in the 
right auricles, being seen in greatest numbers in the interauric- 
ular septum, especially in the region of the limbus Vieussentti 
and valvula Thebesu. In the left auricle they are not so numer- 
ous, but generally larger. Thus, Langer has shown that, on 
the interauricular septum adjacent to the aortic valves, cer- 
tain larger venous openings can be found which drain as well 
In part the superior portion of the interventricular septum. 

It is possible that into the category of veins fall also 
the long grooves described by Lannelongue. If one of these 1s 
injected, the injection mass Is forced out of the adjoining 
groove. Tandler does not feel that he can confirm with cer- 
tainty Lannelongue’s statement that these grooves drain small 
venous channels. 

In the ventricles, foramina Thebesit are most frequent 
at the bases of the papillary muscles, the region of the conus 
on the right side, and, according to Langer, the apical mus- 
culature. They do not here communicate directly with the 


larger veins except possibly through capillary anastomoses, 
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and appear to be concerned more with draining the subendo- 
cardial spaces and the immediately adjacent musculature. 


VARIATIONS IN THE VEINS OF THE HEART 


As has already been stated, the venous structure of the 
heart is very liable to variations. Some of the more outstand- 
ing and interesting variations can easily be explained on 
an embryological basis. 

Very early in embryonic life, the anterior and posterior 
cardinal veins link up to form the ductus Cuviert, and these 
mm turn open separately into the heart. Normally, only the 
right opening persists and this ts made possible by the develop- 
ment of a great anastomosis between the anterior cardinal 
veins, which enables the left vein to conduct all its blood into 
the right auricle. The lower portion of the right anterior 
cardinal vem and the right ductus Cuviert become the vena 
cava superior of the right side. The corresponding structure 
on the left side, as has been shown by Marshall, regresses so 
that only vestiges remain of the greater part of the left superior 
vena cava—namely, the vena obliqua atri sinistri and the plica 
venaecavae; only the proximal portion of the left ductus 
Cuvieri is preserved as the sinus coronarius. 

When the opening of the coronary sinus into the right 
auricle is obliterated, blood is carried through a persistent 
left superior vena cava into the vena innominata. This oblitera- 
tion, as Siding has shown, must occur necessarily in the second 
month of embryonic life and at a time after the formation of 
the vena innominata. 

Tandler ‘cttes 2ecases, thateotsize@aty (1723) mandathat 
of A. Siding (1896), where this condition occurred. Here the 
sinus coronarius commences as a trunk which runs obliquely 
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over the posterior wall of the left auricle in front of the left 
pulmonary veins, through the ligamentum venae cavae to 
reach and empty into the vena innominata. The opening of the 
sinus coronarius into the right auricle ts obliterated. Extending 
out from the right auricles, through an opening flanked by a 
low valvula Thebesu, is a blind sac about 10 mm. in length 
and representing the proximal portion of the sinus coronarius. 
The patent portion of the sinus coronarius, which continues 
up towards the pulmonary veins, receives the entrance of the 
vena coronaria sinistra and the vena interventricularis poste- 
rior through openings guarded by valves. 

The above described condition is infrequent but deserves 
special mention on account of Its Interesting genesis. 

A frequent variation and, according to Piquand who found 
it m 20 per cent of the cases, representing the primitive 
form, is the entrance of both vena coronaria sinistra and 
vena interventricularis posterior by a common short channel, 
the truncus communis. 

In a number of hearts, the vena marginis acuti empties 
independently mto the right auricle and is then called the 
Vena Galent. 

The vena coronaria dextra frequently varies In its site in the 
auriculoventricular groove, being often found lying above 
this in the auricular musculature. 

Not infrequently a stout vena marginis obtust ascends the 
surface of the ventricle and, curving parallel with the vena 
coronaria sinistra, opens independently into the sinus 
coronarlus. 

The venae minimae Thebest are liable to much variation 
in their size, form and situation. 

So far as structure is concerned, it has already been stated 
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that the sinus coronartus Is usually surrounded by transverse 
muscular fibers from its origin to its conclusion at the valvula 
Vieussenit. The musculature may fall short of the valves but 


never, according to Tandler, passes beyond them. 


Cuapter VIII 


AGE PErtop CHANGES IN THE BLoop SUPPLY TO THE HEART AND 
THEIR PATHOGENETIC RELATIONS 


N introducing the discussion on the age period changes 
which the blood supply to the heart undergoes, it may be 
permissible to quote, slightly modified, from the author’s 

article on the postnatal evolution of the spleen, in order to 
make clear the general importance of the subject: 


Various integral parts of the human organism die long before the whole 
organism 1s born. Birth and growth of new tissues continue long after the 
whole organism is born. Life, in fact, consists of the simultaneous breaking 
down and building up of protoplasm, cells, tissues and organs. 

Embryonic development presents some of these phenomena in striking, 
almost dramatic, form. Moreover, it appears that these processes display, 
at least in some instances, a coordinated relationship. 

Oertel was the first to show that the development and growth of the 
sex gland in the embryo is definitely correlated with the degeneration of 
the mesonephros, and thus gave an actual anatomic foundation to the 
idea that the relationship of cells, tissues and organs is by no means always 
altruistic, but, as held many years ago by Boll, Roux, Hansemann and 
others, often antagonistic. 

Life and evolution of the individual, like life and evolution of any 
community, depend not only upon helpful but also upon opposing forces. 
These phenomena of embryonic life possess an additional interest to the 
pathologist because almost all pathological processes, degenerations, 
inflammations and even tumor growth, are, as Minot pointed out years 
ago, In principle and prototype to be found in the normal embryo. 


In postnatal life, the appreciation of the unstable and 
constantly changing character of cells, tissues and organs has 
in recent years been somewhat more fully recorded especially 
since their pathogenetic importance has become clear. Thus, 
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since Reid’s observations on the measurements of the heart 
and tables on the weight of the most important organs of the 
body at the different age periods appeared in 1843, several 
other important contributions on different organs have helped 
to show that these changes represent a general principle of life. 

In 1883 Miiller presented his observations on the weights 
and measurements on the heart and its structures, and though 
he did not particularly stress the age period idea, his carefully 
compiled statistics based on a very large number of hearts 
furnish, as will be shown later in the discussion, a great number 
of very interesting points. 

It may be well, however, to outline here, first, the present 
knowledge regarding postnatal development in other organs 
of the body, thus showing the significance of age period changes 
and of the fluid state of tissue. 

In 1904, Reitmann pointed out that the normal pancreas Is, 
from infancy to old age, a very unstable organ. Degeneration, 
atrophy, cell loss and acinar collapse are, to a certain extent, 
normal performances, being almost simultaneously com- 
pensated for by formation of new cells, new acini and, in the 
growing, youthful pancreas, even by the formation of new 
lobules. 

Coplin found equally great instability in the thymus, 
Theilhaber in the endometrium, and Milne in the ductless 
glands, chiefly the thyroid and suprarenal gland. 

In 1909, Herxhermer called attention to the frequent 
occurrence of hyaline glomeruli in the kidneys of infants and 
young children. These, Oertel regards as remnants of reduced 
and regressing renal substance similar to those found in other- 
wise healthy adult kidneys without arterial disease. 

Oertel, and Oertel and Anderson, have more recently been 
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able to corroborate and to extend Reitmann’s observations on 
the pancreas and to show further that certain localized re- 
stricted abnormalities or faulty reconstructions may even nor- 
mally be found, making it at times difficult to define on which 
side of the borderline between physiological and pathological 
they may be classified. Thus also the condition which Oertel 
has called “Essential Atrophy of the Pancreas”’ appears, as he 
states, to represent a pathological exaggeration of, and loss of 
balance in, normal, physiological processes of regression and 
progression which are constantly going on in the pancreas. 

In his studies on degeneration, senescence and new growth, 
Oertel has further drawn attention to the close interrelation 
between these normally occurring processes and_ distinct 
pathological conditions. Somewhat similar observations have 
been made by René Sand im a study of pathological senescence. 

In 1919, the author was able to add the spleen to the 
already growing list of organs showing a distinct cycle of 
progressive and retrogressive processes during the age periods, 
and pointed out that age has a most important bearing both as 
regards the anatomical structure of the spleen m health, as 
well as to the reaction which it presents in disease. 

In 1920, Waugh came to similar conclusions on the bone- 
marrow and this was soon followed by Weed, whose studies 
convinced him that very definite qualitative structural modi- 
fications occur In the pia arachnoid in advanced age periods, 
notably in the appearance of newly formed endothelial cell 
clusters, etc. 

Finally in 1921 Oertel summed up the existing facts on 
postnatal evolutions and pathological organ reconstruction 
in its relation to function and disease and came to the following 


conclusions: 
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(1) Organs which normally exhibit a developmental cycle of changes 
in cell elements and tissue organization, undergo corresponding functional 
modifications. Pathological, anatomical and functional changes must, 
therefore, be interpreted in conformity and comparison with an age 
period. 

(2) Disposition to disease is influenced by structural alterations in 
tissue soil in the various age periods, especially in affording or not affording 
anchoring ground for bacteria. Moreover, it is likely that the fluid con- 
dition of organs influences the disposition to infections during waves of 
regression and progression as we already know it in unbalanced, juvenile 
and growing tissues. 

(3) Anatomical and functional expressions of a disease vary In one 
and the same organ according to its construction and composition during 
an age period, and it would seem that these factors also exert an influence 
on variations in disposition and immunity. (The author has shown this 
to be true in endocarditis, and Lexer in osteomyelitis.) 

(4) Diseases may arise from the fluid and changing state and age 
progress of organs by loss of balance in physiological regression and 
progression. 

(5) Depending upon the pathological predominance of one or the 
other group of changes, essential atrophies, hypertrophies, degenerations 
and progressive, destructive cell proliferation, all of which are normal 
developmental processes, may be duplicated and exaggerated in post- 
natal existence. 


Thus, Oertel has elevated the importance of postnatal age 
period changes to a general biological principle upon which 
depends the evolution of the individual from birth to senility 
and the development of disease. 

One is now in a better position to appreciate similar 
changes In the heart, for the vascular architecture of the heart 
shows strikingly the remarkable effect of age periods in pro- 
ducing a cycle of events which register unmistakably their 
effects on function, both physiologically and pathologically. 
Moreover, these changes occur not only in the absolute sense, 
but also, as will be seen, in the relative constitution and 
construction of both sides of the heart. 
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Bizot has shown long ago that in the embryo both ventri- 
cles are about the same thickness; at birth the left is slightly 
thicker, and, after this, outstrips the right in growth so that it 
gradually becomes relatively more and more preponderant. 
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Fic. 16.—Graph showimg the increase of subpericardial fatty tissue as age 
advances. 


The development of fat under the pericardium he found to 
begin always at the base of the heart and to follow the right 
coronary artery to the apex, later the left coronary; finally the 
rest of the organs become the seat of fat deposit. The amount 
of subcutaneous fat bears no relation to the amount of sub- 
pericardial fat. 

Valentin, Engel and Beneke studied the relationship 


between the right and left ventricles. Judging by their figures 


110 THE BUOOD.SURPLY. LO WHEeHEART 


there 1s an undoubted relatively greater increase on the left 
side, which reverses in the later decades of life. 

Miller (1877-1881) made a study of 1,481 hearts. From 
observations on their gross weight he concluded that the 
turning point in growth of the heart is in the seventh decade in 
men and the eighth decade in women. 

Though he held that there is a relative proportion between 
the amount of subpericardial and subcutaneous fat, his figures 
show a distinct and gradual increase in the former from birth to 
death. Figure 16 shows this process graphically m a chart which 
the author has plotted out from Miiller’s statistics. 

A study of his figures on the comparison of the weight of 
the right and left auricle, in regard to age periods, shows that, 
on the whole, there is very little difference between the two. 

His figures expressed in units of proportion (Table VIID) are 


as follows: 


TABLE VIII 
Male Female 
Age Right Left Right Left 
auricle auricle auricle auricle 
EAM DR Os att tn ees ee ae 22 15 1.9 Tied 
TaVionth sea, 6 os es ig tees 1G jar 
2= 1 2VIOMEIS #2. bist oars P60 (RG) 1.6 jae 
DET Ph CATSe 5a Mmiaects eat Loe eG 1.8 Tey 
POZO CAT Sret yi e ae ae Eee £6 1.8 AS) 
DIE SOG VCATS sok Me. au tee 1.8 Ez 1.8 La 


From these he draws the following conclusions: 


(a) The division of the auricular musculature of both auricles is different 
before and after birth. During the whole embryonic life, the muscle mass 
preponderates im the right auricle. During the first month after birth, the 
right auricle loses in weight. At the beginning of the second month, both are 
similar in weight. This equality more or less persists during the first year. 

(b) From the second year of life until the period of maturation of sex, 
the left auricle preponderates, after which the right again preponderates. 
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Much more interesting and important in this connection 


are his figures comparing the mass of the right and left ventri- 


cles according to age periods (Table IX). 


TABLE IX 
aa - Male | Female 
No. No. 

Age Oe alae le Olona Eco ee A 

cases os cases L. 
Embryos 1-300 gms..|_ 10 | 0.42| 0.36|0.845|| 6 | 0.37] 0.30|0.731 
01-1000 gms........ | Oclialsy fal71 0.706 7 | 29 I ‘40 0.710 
[001-1500 oms....... 4 2.32| 2.04/0.842|| I0 2.45 2. 28/0. 811 
1501-2000 oms.. eet 3. Al 3. o6\o. 864|| II 3. 06| 2. 50 0.902 
2001-2500 ems ae 6 ; 4. 31 : 4. 04 0.85 iG 3.98) 4.18 0.786 
2501-3000 gms....... 6 | 6.02] 4.84 0.925 7 5.46] 4 92/0 840 
over 3000 ems.. “ee 15 7.72 5.44 1.007 Te BALA, 4.69 1. 065 
1 week post-natal. ie 4.85 4.45 0.839 17 3 82 3.4710. 827 
Bere oe? Ga 13 | 4.11] 4.79|0.698]| 15 | 4.10 4. 53/0.733 
BeHeeke aot at Oy 4.10 4.93 0. 680 5 4.04 5 04/0. 678 
eWEEK Sc aetty Bait 5 dati 5.830. 635 10 re 4 71/0. 638 
DRI OTVOLIS eer et tee 14 | 3.00] 4-54/0:504|) 14 | 3.43) 5.4210. 571 
3 monthst-c ll 14 3.04 6.44 0.561 a6. 3.88 6 41/0. 545 
4- 6 months........ 24 | 4.68| 7.990. 532|| 20 | 4.33] 7.91|0. 522 
7-12 months. . aes BY alae 2 10. 680. 502| 31 : 77 10.43 0.515 
2 years nae ioe ae 17 9.00 14.11|0. 561 24 | 7.8 Peo 0.525 
3 years eee ae 13 [10.63] 23.77 0. 469 16 9. 04|18. 260. 473 
Wes years... ye ele 7 | LIA07 (922 23101473 19 11.7121 94/0. 499 
6-10 years... Pe 1% 16 17.68 33.98 0. 4871! 21 14.31 2202 0.471 
11-15 years. eee ‘ 8 24.20] 44.400. 500 9 |20 10/40 90 0. 467 
16-20 Veal epee ce _ 23 [46.00] 76. 90/0. 542/| 13 |39.10 23 Solo. 508 
21-30 SUC aod a 69 [54.10] 90.500. 519]| 46 |37.90|72. 90/0. 499 
31-40 SENS a tee 67 50. 80 88. 90/0. 529 57 37 70/68 90 ) 509 
41-50 years... exer . 82 [51.70] 94.90|0. 506|| 69 45.20 75 20 0.552 
51-60 years... ...-| 84 |54.90/101.60]0. 508)| 58 43.30 > 90 0) 529 
61-70 year . 87 |55. 10] 103. 700. 516 83 |46.60|81 20 0.545 
71-80 years... ....+-| 62 [$2.40] 94.40/0.526]| 61 43.90 82.70|0. 515 
81-90 years. . ere II |41.20| 97.20|/0.442|| 12 36.20 66.10 0. 488 
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Represented in chart form, the gradual and consistent, 
increasing, postnatal preponderance of the left over the right 
ventricle as age advances, is strikingly seen (Fig. 17). 
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Fic. 17.—Graph showing the absolute increasing weight of the right and 
left ventricles as age advances, and also the relative increasing pre- 
ponderance of left over right side. 


Councilman has recently come to the conclusion that heart 
hypertrophy is very frequent in old people and regards it as 
pathological. 

Lewis has been able to confirm Einthoven’s observations 
that before birth and for several months after, the heart shows 


electrocardiographically a right-sided preponderance which 
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soon, however, becomes equal and from then on becomes pre- 
ponderant in the left. Unfortunately, accurate comparative 
age period observations on this point are wanting for the post- 
natal development of the heart, but Lewis and others have 
observed electrocardiographic curves in adults which speak 
for left-sided hypertrophy in apparently normal cases. In old 
mdividuals, relative preponderance of the left ventricle is a 
common observation. 

In consideration of all the foregomg facts, It is not sur- 
prising that the cardiac circulatory architecture shows a 
corresponding series of changes which, in their qualitative and 
quantitative nature, are of prime physiological and pathologi- 
cal importance. 

If one examines Figure 18, which represents a roentgeno- 
eram of thecirculation in an average heart at birth, it isseen that 
both sides of the heart are equally divided and supplied with 
blood, so that, were it not for the characteristic ramus clir- 
cumflexus dexter, one would be at a loss to discern the left 
from the right side. Examined stereoscopically, this heart 
fails to show macroscopic septal anastomoses. The branches 
show a uniformity of lumen, and are, with the exception of 
their extremities, on the whole without tortuosity. 

Figure 19 1s a photograph of injected and cleared specimens 
of hearts at birth. It will be seen that at this period of life no 
arteriae telae adiposae are visible in the subpericardial fat, so 
that the auriculoventricular sulci carry no fat-vessels, nor do 
these accompany the main coronary branches. 

Figure 20 represents an average heart of the first decade. 
In this roentgenogram the main branches pursue a straight and 
evencourse. There isa beginning clearing of the right side. Septal 


anastomoses cannot yet be made out. This heart did not show, 
& 


114 TEE BEOODss ORPInyhOs Gis ssl en ial 


upon examination of the cleared specimen, any arteriae 
telae adiposae. 

In the second decade (Fig. 21), the distribution of blood ts 
beginning to be a little more marked on the left side. The 
vessels have hardly commenced to show their tortuosity. The 
stereoscope, however, already reveals very delicate septal 
anastomoses. At the furrows, the cleared specimen shows a few 
stray fat-vessels, best seen as rami telae adiposae parallel to 
the main branches. 

The third decade of life (Fig. 22) shows a definite, though 
not yet marked, left-sided vascular preponderance. Septal 
anastomoses are now much more clearly made out. The tor- 
tuosity of the vessels is quite discernible and, in the cleared 
specimen, rami telae adiposae are well seen. 

The fourth decade of life presents these changes tn definite 
progress (Fig. 23). The septal anastomoses are quite clearly 
developed. The left side of the heart ts definitely in the ascend- 
ant. Tortuosity of vessels ts clearly seen and becoming marked. 

Figure 24 is a photograph of an average injected and 
cleared heart from this decade. It shows the already well- 
developed fat-vascular system. It will be seen that the anterior 
surface of the heart displays in the auriculoventricular groove 
a striking network of delicate arteriae telae adiposae. At the 
edges of the heart these are seen projecting from the surface 
into the subpericardial fat. The parallel fat-vessels can quite 
easily be made out as they accompany the main branches, 
particularly the ramus descendens anterior. 

Figure 25 shows the posterior surface of the same heart. 
Here, there is displayed even better, the well-developed net- 
work of arteriae telae adiposae. It fills the whole auriculo- 
ventricular groove and appears as a greyish maze of vascular 


Fic. 18.—Roentgenogram of the blood supply in the average heart at birth. 


Fic. 19.—Photograph of injected and cleared specimen, showing the super- 
ficial distribution of the coronary arteries at birth. 
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Fic. 20.—Roentgenogram of the blood supply in the average heart of the 
first decade. 
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Fic. 21.—Roentgenogram of the blood supply in the average heart of the 
second decade. 
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Fic. 22.—Roentgenogram of the blood supply in the average heart of the 
third decade. 
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Fic. 23.—Roentgenogram of the blood supply in the average heart of the 
fourth decade. 
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Fic. 24.—Photograph of the anterior surface of an injected and cleared 
heart of the fourth decade, showing the distribution of the arteriae 
telae adiposae. 
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Fic. 25.—Photograph of the posterior surface of the same heart as in Fig. 
24, showing the distribution of the arteriae telae adiposae. 
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26.—Roentgenogram of the blood supply in the average heart of the 


fifth decade. 
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Fic. 27.—Roentgenogram of the blood supply in the average heart of the 
sixth decade. 
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Fic. 28.—Roentgenogram of the blood supply in the average heart of the 
seventh decade. 
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Fic. 29.—Roentgenogram of the blood supply in the average heart of the 
eighth decade. 
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channels. Here too, the accompanying fat-vessels are clearly 
Cee 

In the fifth decade (Fig. 26) the preponderance of left 
side over right is striking, as is also the tortuosity of the vessels. 
At this period of life the main branches are occasionally seen 
(as they are in this instance) projecting beyond the mass of 
heart musculature into the fat. This is due to a beginning 
regression and atrophy of heart muscle, leaving the vessels 
relatively too long. The septal anastomoses are distinct and 
abundant, being arranged somewhat in the fashion of a row of 
harp strings. In the cleared specimen, fat-vessels are quite 
well developed and numerous. 

The srxth decade of life (Fig. 27) shows an ever mcreasing 
left-sided vascular preponderance and tortuosity of the vessels. 
The septum shows a system of very patent and free arterial 
anastomoses. The increase of the rami telee adiposae is in keep- 
ing with the other changes. 

Figure 28 shows very beautifully the stage of development 
of these four features in the seventh decade of life; the increas- 
ing relative anemia of the right side, the marked tortuosity of 
the vessels, the rich and abundant septal anastomoses and, in 
the cleared specimen, the well-developed fat-vessel network. 

In the eighth decade of life another complicating feature 
appears. In a large percentage of cases arteriosclerotic changes 
are seen. This 1s well shown in Figure 29. Here the ramus cir- 
cumflexus dexter presents in Its entire extent an unevenness 
of bore, and at Its termination just before the ultimate branch- 
ing, a distinct aneurysmal bulging. Moreover, the left-sided 
vascular preponderance, the tortuosity, the rami telae adiposae 
and, in the stereoscopic plates (for this plate was taken at 
right angles with the direction of the septum, hence shows 
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anastomoses only upon stereoscopic examination), the septal 
anastomoses are seen to be distinctly on the increase. 

Figure 30 is a composite, representing the contrast between 
the circulation of the heart at birth and tn the seventh decade 
of life. Here one sees exceedingly well illustrated the difference 
in the relative amounts of blood supplying both sides of the 
heart, in the tortuosity of the vessels and the patency of the 
septal anastomoses. A comparison of Plates 19, 25 and 34 
shows the progressive and consistent increase of the rami telae 
adiposae from birth to the fourth, and from this, to the eighth 
decade of life. 

Perhaps there is no better way of concretely establishing 
the importance of these changes in the postnatal evolution 
of the cardiac vasculature than by observing their effects 
upon function. 

Figure 31 Is a roentgenogram of a heart from a female, aged 
seventy-three, who died of cancer of the gall-bladder. During 
life she had no symptoms referable to the heart or coronary 
vessels. In the hospital no signs were found during Jife indicat- 
ing a lesion of the heart. Upon injection of the heart at 
autopsy, however, it was seen that the ramus circumflexus 
dexter presented to a great extent of its course an arterio- 
sclerotic obliteration which was, in several places, almost 
complete. The myocardium was absolutely intact, no suggestion 
of an infarct bemg present. The case is, in short, very. 
similar to that described by Galli. A more careful observation 
of the plate shows that a very ample and abundant anastomosis 
of large, patent rami interventriculares supplied, to a great 
extent, the right side, and this was further compensated by 
an extensive labyrinthine felt-work of rami telae adiposae 
which massively covered the right ventricular surface. (Fig. 32 
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Fic. 30.—Roentgenogram of the blood supply in the average heart at 
birth and tn the seventh decade, illustrating the marked evolutionary 
changes which the advancing age periods have produced. 
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Fic. 31.—Roentgenogram of 
well-marked and almost 
right coronary artery. 


an injected heart, showing the results of a 
complete arteriosclerotic obliteration of the 
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Fic. 32.—Photograph of injected and cleared specimen, showing the 
development of the rami telae adiposae on the right side of the heart, 
illustrated in Fig. 31. 
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Fic. 33.—Microphotograph of a section through the artertosclerotic 


vessel from the heart, illustrated in Fig. 31. 
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Fic. 34.—Photograph of injected and cleared specimen, showing the rami 
telae adiposae on the left side of the heart, illustrated in Fig. 31. 
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shows a photograph of this injected and cleared specimen.) These 
fat-vessels were traced into the musculature and were found 
to anastomose with persistent right branches and with the 
compensating left ones. : 

It will be observed in the roentgenogram that the ramus 
ostil cavae superioris pursues an undisturbed course to the sino- 
auricular node because the arteriosclerotic process commences 
just beyond the origin of the vessel from the right coronary 
aGUehy 

Figure 33 shows a microscopic section through one portion 
of the partially obliterated artery. It is seen that extensive 
obliteratmg endarterial changes have left a few canalized 
areas through which the barium (black in the photograph) has 
forced its way. In other places the obliteration was even more 
marked. 

The conclusions which can be drawn from this case are, 
that in the seventh decade of life the vascular architecture of 
the heart ts well prepared to receive the brunt of the oblitera- 
tion even of a main coronary artery, not only on account of the 
existence of abundant and free anastomoses, but also, as is seen 
in this case, by the non-negligible factor of the development 
at this age period of a dense felt-work of arteriae telae adiposae 
which can compensate and supply considerable blood to the 
subjacent muscle. In fact, that the rami telae adiposae are able 
to increase in caliber and quantity so as to furnish additional 
blood, is seen by comparing Figure 32 with Figure 34, (which 
represents the posterior surface of the same heart and shows 
a fat-vessel structure commensurate with this age period). 
This comparison shows that the increase of fat-vessels on the 
right side is.out of all proportion to the normal development, 
but it must be remembered that this great increase is only 
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possible on a basis of an already well-developed structure. 
Furthermore, in this particular case, the gradual obliteration 
allowed for an ample development of these compensating 
structures, so that the myocardium was left absolutely 
ntact. 

There are all gradations of possibilities which lead up to 
this interesting case. It has already been shown in Chapter VI 
that the heart possesses in the anastomoses a structure which 
can and does give the heart considerable vascular reserve. This, 
moreover, as appears from our present discussion, becomes 
gradually more and more valuable for such a purpose as age 
advances, and since the heart presents at the same time 
a parallel increase of rami telae adiposae, a very potent ally, it 
acquires a compensating structure whose functional posst- 
bilities increase in direct proportion with age, that 1s, with that 
time of life when pathological processes would make an 
mcereasing, more frequent and greater demand upon it. There 
is thus a definite functional significance in these progressive 
evolutionary changes. . 

That the rami telae adiposae are an expression of a general 
body nutritional reserve structure would seem to be indicated 
by the fact that they have been found by the author in other 
organs which show a senile increase of fat. Thus, for example, 
in the senile as well as in the contracted kidney, the very 
fatty pelvic contents possess a rich supply of arteriae telae 
adiposae. In the contracted kidney, they can distinctly be seen 
penetrating the pyramidal parenchyma and supplying it with 
blood. 

It appears then, that there is a definite reason for the 
progressive increase of subpericardial fat as shown by Figure 
16, made from Miiller’s figures, and that this serves as a carrier 
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for a most Important and apparently hitherto unrecognized 
functional and compensating unit. 

It cannot be argued that the development of fat-vessels 1s 
entirely secondary to functional need, for it has already been 
shown that their increase is progressive and proportional to 
age, Irrespective of the presence of a pathological [esion. 
It is true, however, that an obliteration of a coronary branch 
can bring about an added development and quantitative 
as well as qualitative changes in them. 

The increasing tortuosity of the vessels, a general expres- 
sion of increasing age, can be accounted for by the qualitative 
deterioration in the vascular wall and by a relative shrinkage 
and atrophy of the heart muscle in the later decades of life. 

There remains, therefore, only to explain the gradually 
developing relative right-sided anemia. It must be borne in 
mind, first of all, that this is to a great extent relative; the 
increasing left-sided musculature and consequently vasculature 
overshadow that of the right side. Furthermore, the right 
ventricle perhaps does not so much present a regression of 
vessels as a falling behind in circulatory development, so that 
it becomes relatively more and more anemic. 

Without doubt, these changes are of far-reaching functional 
significance. It 1s easy to comprehend why in embryonic life the 
right side, which ts the more actively functioning one, should 
attain a greater development of its vascular tree. This persists 
for some time after birth, but with the assumption of greater 
activity by the left ventricle, the latter becomes more and more 
richly supplied with blood; whereas the right ventricle, through 
less activity and lesser importance, begins to [ag in its vascular 
development, a process which apparently progresses consist- 


ently throughout life. 
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As old age approaches, the individual is ushered mto an 
era of many dangers through right-sided heart decline. Thus, 
the possibility from death by right-sided heart paralysis m 
infectious diseases Increases with age, and death from pneu- 
monia In old age, so frequent that it is practically “physio- 
logical,” comes perhaps somewhat nearer to our comprehension 
when we consider that this lagging right-sided circulation, 
reacting upon the night ventricle, produces a physiological 
right-sided decline or increasing heart failure. The lung tissue, 
which depends largely upon the blood from the pulmonary 
artery for its nutrition, recetves an increasingly sluggish 
supply and becomes, therefore, a more and more suitable 
soil for a termmal infection. (Oertel states that in a Jong 
autopsy experience of almshouse cases, many of which con- 
cerned, of course, senile decrepits, it was not infrequent to 
discover unsuspected pneumonias m sudden deaths; for 
example, in Individuals who had retired at night In apparent 
relative health and were found dead next morning. This has 
also a certain medicolegal interest.) 

Perhaps it is, therefore, permissible to paraphrase in 
this connection the old adage about a man being as old as his 
arteries, So as to read, “A man is as old as his Right Coronary 
Arterv.” 


_ 
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